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ABSTRACT 
The aquatic vascular plants Azolla caroliniana Willd., 
Salvinia rotundifolia Willd., Spirodela polyrhiza L. 
Schleid., Ceratophyllum demersum L., and Myriophyllum 
spicatum L. var. exalbescens (Fernald) Jepson were harvested 
weekly from static cultures in 10 or 50% Hoagland solution 
containing various concentrations of cadmium (Cd(II)). 
Measurements or estimates were made of concentrations of 
Cd(II) and phosphorus (P) in plants, rates of Cd(II) uptake, 
Cd(II) concentration factors in plants, dry weights, net 
primary production, net primary productivity, net frond 
production, total frond production, stem lengths, numbers 
of roots, and root lengths. 
Regression analyses showed a linear model provided the 
best fit between concentrations of Cd(II) in 10% Hoagland 
solution and that in all plants harvested weekly with the 
exception of Hyriophyllum. Cadmium(II) concentrations in 
plant tissues also were significantly correlated to concen­
trations of Cd(II) in 50% Hoagland solution. 
The greatest concentrations of Cd(II) in the taxa grown 
in 10% Hoagland solution occurred during weeks 1 or 2, fol­
lowed by decreases of more than 90% during later weeks. The 
greatest concentration of Cd(II) in taxa grown in 50% Hoag­
land solution occurred during weeks 5 or 4. Concentrations 
of Cd(II) were about $-fold less than in plants grown in 10% 
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Hoagland solution and did not decrease over time. 
Analysis of plants for P showed an increase in tissue P 
in Azolla, Salvinia, and Spirodela with increasing concentra­
tions of Cd(II) in 10% Hoagland solution. Concentrations of 
P in Ceratophyllum and Myriophyllum decreased with increasing 
concentrations of Cd(II) in 10% Hoagland solution. Concen­
trations of P in Azolla plants and Spirodela plants increased 
with increasing concentrations of Cd(II) in 50% Hoagland 
solution. Concentrations of P in Salvinia decreased with 
increasing concentrations of Cd(II) in 50% Hoagland solution. 
Growth response, in terms of net primary productivity, 
was somewhat unpredictable, hut in general decreased with 
increasing concentrations of Cd(II) in both 10 and 50% 
Hoagland solution. 
In general, the experiments showed that (1) plants grown 
in 10% Hoagland solution took up greatest concentrations of 
Cd(II) in early weeks followed by a release of more than 90%, 
(2) Cd(II) in 50% Hoagland solution was taken up more slowly 
and in lesser quantity and was not released over time, and 
(3) uptake of Cd(II) from 10 or 50% Hoagland solution was 
directly related to concentrations of Cd(II) in solution. 
Experimental data thus provided a basis for suggesting 
the use of several aquatic vascular plants as indicators of 
intermittent Gd(II) pollution which might not be detected in 
a grab sample of water. Experimental data also suggest that 
vi 
these plants have the potential to play a major role in the 
cycling of Cd(II) in aquatic systems. 
Additional Index Words; floating aquatic vascular 
plants, submersed aquatic vascular plants, pollution, heavy 
metals. 
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INTRODUCTION 
Due to the tendency of cadmium, Cd(II), to accumulate 
in animals including humans on low-level exposure, there is 
justifiable concern about the possible hazard of elevated 
Cd(II) levels in the environment. Human uptake of Cd(II) 
from air, water, and food with subsequent absorption, 
retention, and toxicity has been established. Work in 
this area has been reviewed by several authors 
(Athanassiadis, 1969; Fassett, 1972; Fribers et al., 
1971a, b; Friberg et al., 1974; Friberg, 1976; McCaul, 1971; 
Murthy et al., 1971; Nilsson, 197^ ). 
Since Cd(II) is available to almost all life forms 
(Friberg ^  , 1971a, b), an assessment of the extent to 
which it can be accumulated in plants, and thereby magnified 
in food webs, is an important aspect in understanding their 
role in Od(II) pollution in oi^ .r enviromnents. A charaatAr-
istic of many aquatic vascular plants is their ability to 
accumulate nutrients and other elements in excess of their 
physiological "need". This characteristic has led 
scientists to evaluate the potential of aquatic plants to 
take up pollutants (including nutrients) from raw or treated 
sewage and other aquatic systems. Part of this accumulation 
by "luxury consumption" in aquatic vascular plants may be 
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cycled, moved along a food chain, or removed from the 
system by harvesting. 
Since large populations of aquatic vascular plants 
often are found in waters high in nutrients and these waters 
frequently are polluted with elements and compounds other 
than nutrients, it seems probable that these plants may 
serve as a reservoir for excess elements. Information 
concerning the degree to which selected aquatic plants can 
accumulate Cd(II) will aid in an assessment of the role of 
these plants in cycling of Cd(II) in waters high in 
nutrients and in an assessment of their potential for 
magnification of Cd(II) in aquatic food webs, especially 
in relation to fish and waterfowl. An assessment of the 
accumulation of Cd(ll) as a pollutant in aquatic ecosystems 
is also important for establishing legal limits of this 
element in natural waters. It was with these concepts in 
mind that the present study of Cd(II) uptake was initiated. 
There is substantial evidence that aquatic vascular 
plants accumulate heavy metals. There are few sources of 
information, however, concerning the effects of increased 
Cd(II) concentrations in solution on aquatic vascular plants 
grown under controlled conditions. The experiments in this 
study were designed to supplement the relative paucity of 
information concerning the capacity for Cd(ll) uptake under 
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controlled conditions by several species of aquatic vascular 
plants. 
The objectives of this study were to determine whether 
or not (1) Cd(II) is taken up and concentrated in selected 
aquatic vascular plants, (2) tissue Cd(II) in these aquatic 
vascular plants can be directly related to changes in 
concentrations of Cd(II) in solution, and (3) plants grown 
in a high-nutrient solution (50% Hoagland solution) have 
more vigorous growth and concomitantly greater Cd(II) 
uptake than plants grown in a lower nutrient source (10% 
Hoagland solution). Demonstration of uptake and concentra­
tion would lend some credence to the idea of using certain 
aquatic vascular plants as indicators of intermittent Cd(II) 
pollution which might not be detected in a grab sample of 
water. Enhanced growth in a nutrient-rich medium 
containing Cd(II) would support the possibility of using 
certain aquatic vascular plants to accumulate Gd(II) from 
waters with nutrient concentrations such as those commonly 
found in primary or secondary treated sewage effluents. 
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LITERATURE REVIEW 
Sources of Cadmium Pollution 
In 1967, the Stanford Research Institute published a 
book which listed every known United States company producing 
chemicals containing Cd(II). A national inventory of 
sources and emissions of Cd(II) also was prepared by Davis 
and Associates (1970) for the United States Department of 
Health, Education, and Welfare. Other extensive works on 
sources, environmental pollution levels, and effects of 
Cd(II) have been published by Priberg _et (1971a, b) and 
Pulkerson and Goeller (1973)• A technical and microeconomic 
analysis of Cd(II) and its compounds was reported by Sargent 
and Metz (1975). This report provided information on 
sources of Cd(II) and quantified each. From these and 
other publications, one may compose a list of sources of 
Cd(II) pollution which eveubually cOntamina.t6 àir, BOll, 
and waters. High on such a list would be; stack emission 
and wastewater from zinc smelting operations (Davis and 
Associates, 1970); stack emission and wastewater from 
incineration of plated metals (Paoro and McMullen, 1977); 
and stack emission and fly-ash scrubber wastewater from 
coal-fired power plants (Berry and Wallace, 1974; Klein and 
Russell, 1973; Klein et al., 1975; Lewis et al., 1976; 
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Stark and Harris, ^ 972; Tsao and Wicks, 197^ ; Vaughan. et al., 
1975; Zoller et al., 1974). 
Examples of what may be called secondary sources of 
Cd(II) are sewage sludge and municipal wastewaters which 
become contaminated mainly through industrial sources (Chen 
al., 1974; Fortescue et al., 1975; Law, 1977). Literature 
reviews by Leland ^  (1974, 1975, 1976, 1977, 1978) on 
heavy metals in wastewaters have adequately presented 
information on the different pathways whereby Cd(II) and 
other heavy metals enter and are cycled in surface waters. 
Cadmium in Crop and Other Terrestrial Plants 
The distribution of toxic heavy metals in soils, waters, 
sediments, wastewaters, and sludges has created interest in 
the movement and accumulation of these elements in food 
chains. This concern is of immediate importance in water 
supplies and in agricultural crops. The ability of crop 
plants to concentrate Cd(II) and other metals has been 
reported by several investigators (Haghiri, 1973; John _et al., 
Lagerwerff, 1971; Lagerwerff and Biersdorf, 1972; Lagerwerff 
and Specht, 1970; Page et , 1972). Uptake of Cd(II) and 
other metals by crop plants from sewage sludge was 
demonstrated in the work of Bingham et al. (1975» 1976), 
Kirkham (1975), and Mahler et al. (1978). Page (1974) 
has reviewed the research on trace elements in sludge 
and its application to agricultural lands. 
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Cadmiim in Aquatic Systems 
One of the first reports of Cd(II) pollution of aquatic 
systems in the United States was by Lieber and Welsch (195^ ) 
who described groundwater contamination by Cd(II) from a 
plating factory in Long Island, New York. Since that time, 
extensive surveys of trace metals in rivers and lakes of 
the United States have been conducted (Brown _et , 1970; 
Durum et al., 1971; Kopp, 1969). 
The chemistry of Cd(II) in natural waters and other 
solutions has been extensively studied and is under continual 
revision (Gardiner, 1974a, 1974b; Hem, 1972; Schindler, 
1967; Schindler and Alberts, 1977; Shephard, 1976; Shephard 
and Mcintosh, 1976). 
An excellent bibliography of sources, methods of 
analysis, toxicities, and suggested pollution controls for 
Cd(II) and other metals in aquatic systems was published 
by the United States Department of Interior (1977). 
A more recent annotated bibliography by Eisler et al. (1978) 
covers the physiological and toxicological effects of heavy 
metals on the biota of aquatic systems. 
Cadmium in Aquatic Plants 
Many investigators have addressed themselves to 
assessment of the impact of Cd(II) on aquatic ecosystems, 
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including accumulation in and toxicity of Cd(II) to algae, 
protozoans, invertebrates, mussels, worms, fish, and other 
organisms. The role of aquatic vascular plants in uptake 
and accumulation of Cd(II), however, has received relatively 
little attention. The accumulation of metals, specifically 
Cd(II), by aquatic plants in the food chain was suggested 
by Landner and Jernelov (1969) as a result of demonstrated 
accumulation of Cd(II) in Lemna minor. Hem (1972) and 
others also have indicated the need for studies of the 
extent to which Cd(II) is accumulated in food chains. 
Dietz (1972) and several other authors have reported 
the ability of several species of submersed aquatic vascular 
plants to take up heavy metals. Of general interest are 
studies involving submersed species Ceratophyllum (Cowgill, 
1975; Mathis and Kevern, 1975; Mayes, 1975)» Najas (Cearley 
and Coleman, 1975), and Myriophyllum (Stanley, 1974). 
Floating plants also have received attention in terms of 
heavy metal uptake, accumulation, and toxicity. Wolverton 
(1975) presented evidence that Eichhornia crassipes was 
capable of absorbing Cd(II) and nickel from river or 
distilled water. Hutchinson and Czyrska (1975) and Landner 
and Jernelov (1959) have shown that Salvinia and Lemna, 
respectively, accumulate large concentrations of Cd(II) in 
their tissues. 
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Lisiecki and McNabb (1975) investigated dynamics of 
heavy metals in wastewater ponds and noted the accumulation 
of Cd(II) in Ceratophyllum demersum, Potamogeton fgliosis, 
and Lemna minor. Based on this work, McFabb (1975) 
suggested using submersed aquatic vascular plants to reclaim 
wastewaters contaminated with heavy metals. Mayes (1975) 
also suggested that aquatic plants are potentially useful 
for removal of substantial amounts of trace elements from 
water by harvesting. 
Emergent aquatic plants also have received attention 
for their ability to assimilate metals. Dunstan jet al. 
(1974) reported on studies of relationships of Cd(II) and 
other metals in a Spartina salt-marsh ecosystem. Kneip 
et al. (197^ ) reported on the ability of Spartina to 
accumulate Cd(II) from sediments contaminated from an 
industrial source. 
McNaughton _et (197^ ) reported on heavy metal 
tolerance in Typha latifolia and the possibility of new 
races being developed as a result of exposure to heavy 
metals. 
The objective of a study reported by Lee et al. (1975) 
was to determine the effect of uptake and accumulation of 
selected heavy metals on marsh plants (Cyperus, Spartina, 
Scirpus, and others). They showed growth of these plants 
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to be adversely affected by exposure to Cd(II) and other 
heavy metals. 
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MATERIALS AITD METHODS 
The aquatic vascular plants selected for this study 
were Azolla caroliniana Willd., Geratophyllum demersum L., 
Myriophyllum spicatum L. var. exalbescens (Femald) Jepson, 
Salvinia rotundifolia Willd., and Spirodela polyrMza L. 
Scbleid. Geratophyllum and Myriophyllum used in each 
experiment were collected from ponds in southeast Montana 
in 1975 and 1976 and maintained under greenhouse conditions 
at the Department of Botany and Plant Pathology, Iowa State 
University, Ames, Iowa. Other plant species were taken 
from stock cultures maintained at Iowa State University. 
Plants used in each experiment were selected from stock 
cultures on the basis of uniformity in size, color, or 
other observable similarities. 
To insure uniformity of plants, especially in nutrient 
status, a 7-day pre-treatment period in the experimental 
culture medium was employed. Selected specimens were 
transferred into 2800-ml Pernbach flasks containing 10% 
or 50% modified Hoagland nutrient solution (Hoagland and 
Amon, 1950), prepared in deionized distilled water, with 
the addition of iron (Fe) and carbon (C). The Fe source 
was Pe-330 Sequestrene^ ^^  (Ciba-Geigy Co., Ardsley, New 
York). An Fe chelator was used to avoid excessive 
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precipitation of inorganic Pe salts (Lee ^  » 1976). The 
Pe chelates remained soluble long enough for plants to take 
up sufficient ?e to avoid a deficiency within the plants. 
Carbon was added as NaHCO^ . The 10% Hoagland nutrient 
solution contained (mg/l) : 21.0 IT, $.1 P, 23.4 K, 20.0 Ca, 
4.9 Mg, 6.4 S, 2.5.10"2 b, 2.8-10"^  Mh, 1.0.10"^  Cu, 
5.0-10"^  Mo, and 2.5-10"^  Zn. The Pe concentration was 
2.0 and G was 57.3 mg/l. The lower nutrient level (10% 
Hoagland solution) was selected as being similar to that 
in a secondary treated sewage effluent (Gakstatter _et , 
1978; Ornes and Sutton, 1975; Sutton and Ornes, 1977)# The 
relatively high nutrient level in 50% Hoagland solution was 
selected as being similar to those found in primary 
treatment wastewaters (Gakstatter _et a2,, 1978) and some 
municipal wastewater lagoons (Sutton, 1978). At the end 
of the pre-treatment period, plants were rinsed, weighed, 
and measured or counted (depending on the species) to uniform 
weights, lengths, number of stems, or number of fronds. 
In preparation for uptake studies, 2800-ml Pernbach 
flasks were washed with detergent and rinsed with tapwater, 
1:1 hydrochloric acid, distilled water (3 times), and finally 
with deionized distilled water. Each experiment was set 
up in either 10% or 50% modified Hoagland nutrient solution. 
Cadmium(ll) was added to treatment flasks as CdSO^  using a 
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stock solution. concentrations were chosen to 
be below acute phototoxicity levels. Treatments within each 
experiment consisted of 5 concentrations of Cd(II) plus a 
control and were replicated 3 times for a total of 48 experi­
mental units. Actual (measured) concentrations of Cd(II) in 
solution were lower than theoretical concentrations (due 
to a white precipitate in the flasks with higher treatment 
levels) and are given in each data table. To insure non-
limiting phosphate and Pe concentrations, a chemical analysis 
of treatment solutions was conducted and is presented in 
Appendix A. Amounts of these nutrients were lowered with 
increasing Cd(II) concentrations, but were not believed to 
be limiting. 
Deionized distilled water, aliquots of stock solutions 
of nutrients, and CdSO^  were added separately to clean 
flasks. Selected and prepared plants were then added to 
the flasks and allowed to grow for 1 week under growth 
chamber conditions of 16:8 hour light at 400±40 ft-c and 
24±2 C. At the end of each week, plants were rinsed 3 times 
in deionized distilled water. Plant growth was monitored 
by counting fronds, weighing, or measuring lengths. Half 
of the plant material from each flask was harvested, and 
kept for tissue analysis; half was placed in fresh treatment 
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solution of the appropriate concentration. Plants were 
grown and harvested weekly for a length of time necessary 
for the quantity of plant tissue in the highest Cd(II) 
treatment to he at or below the quantity at time zero or, 
alternatively, until the plants appeared to be stressed. 
Harvested plant material was wrapped in paper towels, 
placed in brown paper bags, and dried in an oven at 70±2 C 
to a constant weight. After oven-dried weights were 
recorded, plant material was ground either in a Wiley mill 
to pass a 40-mesh screen or by mortar and pestle. Composite 
samples of Azolla or Salvinia were ground with a Wiley mill 
and sent to the University of Wisconsin Soil and Plant 
Analysis Laboratory, Madison, Wisconsin for a complete 
nutrient analysis. Tissues to be analyzed for P 
and Cd(II) were ground by mortar and pestle to avoid 
possible metal contamination. Triplicate Cd(ll) analyses 
were run on samples which had been ground using both 
methods, and no Cd(II) contamination from the Wiley mill 
could be detected. 
Dried and ground plant material was wet-digested with 
concentrated nitric acid followed by perchloric acid 
(Johnson and Ulrich, 1959) • Digests were diluted to volume 
with deionized distilled water. Suitable aliquots were 
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diluted to volume with deionized distilled water and 
analyzed for Cd(II) in a Perkin-Elmer 503 atomic absorption 
spectrophotometer (A.A.S.). Additional aliquots were 
diluted and analyzed for tissue phosphorus by a phospho-
molybdate method (A.O.A.C., 1975). 
Treatment solutions also were analyzed for Cd(II) by 
A.A.S. after acidification with nitric acid to a pH of 
about 1.8 and necessary dilutions. 
A split plot design was used in the experiments. 
Whole plots were the experimental units to which the 
Cd(II) levels were applied. The split plots consisted of 
the weekly changes within treatment or of changes among 
treatments within weeks. This experimental design was 
chosen to detect an interaction between plant growth over 
time within each Cd(II) level and changes during any week 
among increasing Cd(II) concentrations (treatments). The 
whole plots were arranged in randomized complete block 
design. One-way analysis of variance was calculated from 
changes in parameters over time within treatments or changes 
in parameters among treatments within weeks and Duncan's 
Multiple Range Test was applied to significant P's. 
Regression analyses of parameters among Cd(Il) treatments 
were calculated by substituting tissue parameter (y) and 
Cd(II) concentration in solution (x) into the prediction 
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equations for a linear, exponential, logarithmic, or power 
curve fit. These equations allow the investigator to detect 
whether or not a tissue parameter is directly related to 
Cd(II) concentration in solution. 
Calculations involving the selected parameters are 
presented below. 
Concentration factor (CP) of Cd(II) in plants; 
concentration of Cd(II) (fig Cd/g dry wt) in plant 
concentration of Cd(II) (^ ig Cd/ml) in solution 
Mean rate of Cd(II) uptake during the growth period; 
mean net primary productivity (npp) • 
mean concentration of Cd(II) in plant 
p 
Plant dry weight (g/m ): 
X g dry wt from flask 
M 
1 Tsi 0.0283 
where 0.0285 m"^  is the solution surface area 
Net primary production (NPP); 
a) wk 1 dry wt-wk 0 dry wt=wk 1 NPP 
b) 2(wk 2 dry wt harvested- •î^ -l-^ ï2_JllLË)=wk 2 NPP 
c) 2(wk 3 dry wt harvested»  ^ *^ )=wk 3 NPP 
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Total primary production (TPP) was calculated 
by summing the weekly NPPs. 
Net primary productivity (npp): 
TPP 
number of days in growth period 
Net frond production (NPP) was calculated by 
substituting the number of fronds/m 
into the formula used in calculating 
NPP (see above). 
Total frond production (TPP) was calculated 
by summing the weekly NPP. 
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RESULTS AlîD DISCUSSION 
The parameters selected for this study were chosen to 
provide information on (1) the extent to which Cd(II) 
could be taken up and accumulated in plants grown under 
two separate nutrient regimes, (2) the relationship, if 
any, between concentrations of Cd(II) in plants and 
concentrations of Cd(II) in solution, and (5) the effects 
of Cd(II) uptake and accumulation on growth of selected 
plants. Data obtained from experiments designed to meet 
these objectives are presented in the following format: 
Plant Species 
Parameter measured 
Nutrient solution 
The parameters measured were; concentration of Cd(II) 
in tissue, Cd(II) CP in plants, rate of Cd(II) uptake, 
concentration of P in tissue, tissue dry weight, NPP, TPP, 
npp, number of fronds, NPP, TPP, stem length, number of 
roots, and root length. 
18 
Effects of Cd(II) on Azolla caroliniana Willd. 
Concentrations of Cd(II) in tissue 
10% HoaKland solution Table 1 presents concentra­
tions of Cd(II) (jug Cd/g dry wt) in A. caroliniana plants 
harvested weekly from 10% Hoagland solution containing 
various concentrations of Cd(II), Tissue Cd(II) was affected 
by both time and treatment. 
Statistical analysis showed no detectable Cd(II) in 
control plants during the growth period. Plants exposed to 
0.01 MS Cd/ml contained significantly greater amounts of 
Cd(II) than controls after 2 weeks. Tissue Cd(II) concen­
trations increased about 50% from week 2 to week 3 and 
thereafter did not change significantly. Plants ea^ osed to 
0.04 Aig Cd/ml contained significantly greater amounts of 
Cd(II) than controls from week 1 through week 3- The 
From week 2 to week 4-, tissue Cd(II) concentrations decreased 
91% to levels statistically equivalent to that at week 0. 
Concentrations of Cd(II) in plants exposed to 1.03 ug Cd/ml 
were very large at weeks 1 and 2. From week 2 to week 3» 
Cd(II) concentrations decreased 82%. Tissue Cd(II) concen­
trations by week 4- had decreased 99-5% from week 2 and were 
statistically equivalent to week 0. Signs of stress (in 
terms of chlorosis and reduced growth) were observed at 
Table 1, Concentrations of Cd(II) (jug Cd/g dry wt) in Azolla carolîm' ana plants 
harvested weekly from 10% Hoagland solution containing various concen-
trations of Cd(II) 
Concentration of 
Cd(II) in solution 
(wg Cd/ml) 0 1 
Growth period (weeks) 
2 5 4 
0 0 A 0 A 0 A 0 A 0 A 
±0 ±0 ±0 ±0 ±0 ±0 
a a a a a 
0.01 0 A 0.02 A 0.34 A 0.67 A 0.56 A 
+0.00 ±0 ±0.05 ±0.08 ±0.13 ±0.18 
a a h c c 
0.04 0 12.31 A 18.51 A 6.11 A 1.63 A 
±0.01 ±0 A ±5.46 ±3.67 ±2.85 ±1.06 
a c d "b àb 
1.0) 0 A 447.13 B 475.36B 86.67B 2.46 A 
±0.04 ±0 ±59.00 ±49.27 ±23.20 ±2.65 
a c c b a 
r 0.9999** 0.9999** 0.9995** 0.8072$ 
'I Each value is the mean of three replications with standard deviation. Means 
followed "by the same capital letter within a column or the same lower-case letter 
withdji a row are not statistically different at the 0.05 level as determined "by 
Duncêin's Muiltiple Range Test. 
$Not significant at the 0.05 level. 
"'*2 < 0.01. 
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week 3 in plants exposed to 0.04 /ig Cd/ml and at week 3 in 
plants exposed to 1.03 P-S Cd/ml. These visible signs of 
stress, and presumably phytotoxicity, had concomitant losses 
of Od(II) from the plants. Therefore, the loss of Cd(II) 
from tissues was probably a result of physiological damage. 
In general, plants exposed to 0.01 mS Cd/ml were not stressed 
and maintained Cd(II) without losses through week 4. Plants 
exposed to higher concentrations of Cd(II) accumulated Cd(II) 
through week 2 and thereafter released over 90%. 
Statistical analysis of tissue Cd(II) among treatments 
within weeks showed significant amounts of Cd(II) were taken 
up only by plants exposed to 1.03 <ug Cd/ml. This trend was 
observed among treatments within weeks 1 through 3* By 
week 4, however, tissue Cd(II) had decreased to a point 
statistically equivalent to controls. Regression analyses 
of concentrations of Cd(II) in plants with concentrations of 
Cd(II) in solution showed a linear relationship provided the 
best fit from week 1 through week 3. At week 4, however, 
the linear correlation was below the 0,05 level of 
significance. After 3 weeks, therefore, A. caroliniana 
plants would not be expected to accumulate significantly 
greater amounts of Gd(II) when exposed to concentrations of 
Cd(II) in solution ranging from 0,01 to 1.03 Mg Cd/ml. 
30% Hoagland solution Table 2 presents concentra­
tions of Cd(II) (jug Cd/g dry wt) in A. caroliniana plants 
YF 
Table 2, Concentrations of Cd(II) (Aig Cd/g dry vrt) in Azolla caroliniana plants 
harvested weekly from 50% Hoagland solution containing various concen-
trations of Cd(II) 
Concentration of 
Cd(II) in solution 
(jag Cd/ml) 0 
Growth period (weeks) 
1 2 5 
0 0 A 0 A 0 A 0 
±0 ±0 ±0 ±0 ±0 
a a a a 
0.02 0 A 0.02 A 0.64A 0.64 A 
±0.01 ±0 ±0.04 ±0.09 ±0.12 
a a b b 
1.0 0 A 0.02 A 0.62 A 2.54 A 
±0.02 ±0 ±0.03 ±0.51 ±0.74 
a a a b 
9.14- 0 A 26.70B 52.87 B 46.65B 
±0.52 ±0 ±9.17 ±10.15 ±7.62 
a b be c 
r 0.9944** 0.9952** 0.9979** 
1 Each value is the mean of three replications with standard deviation. Means 
followed by the same capital letter within a column or the same lower-case letter 
witllin a row are not statistically different at the 0.05 level as determined by 
Duncan's Multiple Range Test.. 
**p < 0.01. 
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harvested weekly from 50% Hoagland solution containing 
various concentrations of Cd(II). Tissue Cd(II) was 
observed to be affected by both time and treatment. 
Statistical analysis over time within treatments showed 
control plants grown in 50% Hoagland solution contained no 
detectable Cd(II). Significant concentrations of Cd(II) 
occurred in plants exposed to 0.02 /ig Cd/ml by week 2 and 
remained at that level through week 5- Concentrations of 
Cd(II) in plants exposed to 1.0/ig Cd/ml did not increase 
significantly until week Concentrations of Cd(II) in 
plants exposed to 9.14 jug Cd/ml showed significant increases 
from week 1 through week 3. In general, concentrations of 
Cd(II) in plants increased over time throughout the growth 
period. 
Statistical analysis of tissue Cd(II) concentrations 
among treatments within weeks showed significant uptake of 
Cd(ll) only by plants exposed to 9.14 /ig Cd/ml. Regression 
analyses of tissue Cd(II) concentrations with increasing 
concentrations of Cd(II) in solution showed a linear 
relationship provided the best fit and was significant at 
the 0.01 level. Increases of Cd(II) concentrations in 
50% Hoagland solution ranging from 0.02 to 9.14 Mg Cd/ml 
would therefore be expected to be associated with direct 
increases in tissue Cd(II) concentrations. In general, 
plants grown in 50% Hoagland solution and exposed to various 
23 
concentrations of Cd(II) took up Cd(II) throughout the 
growth period. 
Cd(II) CPs in tissue 
10% Hoagland solution Table 3 presents Cd(II) CPs 
of A. caroliniana plants harvested weekly from 10% Hoagland 
solution containing various concentrations of Cd(II). 
Tissue Cd(II) CPs were affected by both time and treatment. 
Statistical analysis showed Cd(II) CPs of plants 
exposed to 0.01 jag Cd/ml increased 3800% with time through 
week 3- A slight decrease (15%) was observed at week 4. 
Cadmium(II) CPs of plants exposed to 0.04- yUg Cd/ml increased 
50% from week 1 to week 2 and thereafter decreased 91% by 
week 4. Plants exposed to 1.03 jug Cd/ml showed the same 
trend, but with a 99% decrease from week 2 through week 4. 
In general, CPs were greatest in early weeks and very low 
in later weeks. 
Statistical analysis of tissue Cd(II) CPs among 
treatments within weeks showed CPs to increase with 
increasing concentrations of Cd(II) in solution (up 
through 0.04 ;ag Cd/ml) during weeks 1 and 2. At week 3 
the greatest CP was observed in plants exposed to 
0.04 )ig Gd/ml. At week 4, the greatest CP was in 
plants exposed to 0.01 ;ag Cd/ml. This trend of lower 
CPs in plants exposed to greater Cd(II) treatments 
is probably due to toxic effects of Cd(II) on 
Table 3. Cd(II) CPs of Azolla caroliniana plants harvested weekly from 10% Hoagland 
solution containing various concentrations of Cd(II) 
Concentration of 
Cd(II) in solution 
Oug Gd/ml) 1 
Growth period (weeks) 
2 3 4 
0.01 1.7 A 34.0 A 66.7 B 56.3 C 
±0.00 ±2.9 ±8.2 ±13.2 ±17.9 
a b c c 
0.04 207.6B 462.8 B 152.9 c 40.8 B 
±0.01 ±86.4 ±91.8 ±71.4 ±26.6 
c d b a 
1.03 454.1 B 461.5B 84.1 B 2.4 A 
±0.04 ±57.3 ±47.8 ±22.5 ±2.6 
c c b a 
r 0.7432$ 0.5200$ -0.3010$ -0.9671* 
Each value is the mean of three replications with standard deviation. Means 
followed by the same capital letter within a column or the same lower-case letter 
within a row are not statistically different at the 0.05 level as determined by 
Ducican's Multiple Range Test. 
*£ < 0.05. 
$Not significant at the 0.05 level. 
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the metabolism of these plants. Regression analyses showed 
CPs of Cd(II) in plants were not directly related to concen­
trations of Cd(II) in solution during week 1 through week 3. 
During week 4, however, a linear regression showed a 
negative correlation significant at the 0.05 level. 
50% Hoagland solution Table 4- presents Cd(II) CPs 
of A. caroliniana plants harvested weekly from 50% Hoagland 
solution containing various concentrations of Cd(II). 
Tissue Cd(II) CPs were affected by both time and treatment. 
Statistical analysis of Cd(II) CPs over time within 
treatments showed plants exposed to 0.02 ^ig Cd/ml increased 
2585% from week 1 through week 3. Cadmium(II) CPs in 
plants exposed to 1.0 ;ug Cd/ml also increased from 
week 1 through week 5- Cadmium(II) CPs of plants exposed 
to 9.14 /ig Cd/ml did not change significantly from week 1 
through week 5- In general, CPs of plants exposed to the 
lower Cd(II) treatments increased through week 5-
Cadiriium(II) CPs of plants exposed to the greatest Cd(II) 
treatment did not change over time. 
Statistical analysis of tissue Cd(II) CPs among 
treatments within weeks showed no increases with increased 
Gd(II) treatment at week 1 except in plants exposed to 
9.14;ug Cd/ml. During week 2, however, a significant 
YI 
Table 4. Cd(II) CFs of Azolla caroliniaaa plants harvested weekly from 50% 
Hoagland solution containing various concentrations of Cd(II) 
Concentration of 
Cd(II) in solution 
(Mg Cd/ml) 1 
Growth period (weeks) 
2 3 
0.02 1.2 A 32.1 C 32.2 D 
±0.01 ±2.0 ±4.5 ±5.9 
a h "b 
1.0 0.0 A 0.6 A 2.3 B 
±0.02 ±0.0 ±0.3 ±0.7 
a a b 
9.14 2.9 B 3.6 B 5.1 B 
±0.52 ±1.0 ±1.1 ±0.8 
a a a 
r 0.8689$ -0.5105* -0.5123* 
4 
Each value is the mean, of three replications with standard deviation. 
Means followed "by the same capital letter within a column or the same lower-case 
letter within a row are not statistically different at the 0.05 level as deter­
mined "by Duncan's Multiple Elange Test. 
tiTot significant at the 0.05 level. 
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increase in OF was observed in plants exposed to 
0.02 Aig Cd/ml. Concentration factors in plants exposed to 
the 1.0 and 9.14 jug Cd/ml were lower than that of plants 
exposed to 0.02 Mg Cd/ml. This trend of lower CPs in 
plants exposed to greater Cd(II) treatments also was 
observed at week 3, and may be due to toxic effects of 
Cd(II) on the metabolism of these plants. Regression 
analyses of CPs with increasing Cd(II) concentrations in 
solution showed a linear model provided the best fit, but 
correlation coefficients were below the 0.05 level of 
significance. 
Concentrations of P ^  tissue 
10% Hoagland solution Table 5 presents concentra­
tions of P Oug P/g dry wt) in A. caroliniana plants 
harvested weekly from 10% Hoagland solution containing 
various concentrations of Cd(II). Tissue P was observed 
to be affected by both time and treatment. 
Statistical analysis of tissue P over time within 
treatments showed concentrations of P in control plants 
increased 24% from week 0 through week 4. Concentrations 
of P in plants exposed to 0.01 Aig Cd/ml increased 95% by 
week 1. Concentrations of P in plants exposed to 
0.01 <ug Cd/ml for 2 weeks was observed to be greater than 
that of plants exposed to any other treatment (120% greater 
Table Concentrations of P Qug P/g dry wt) in Azolla caroliniana plants 
harvested weekly from 10% Hoagland solution containing various 
concentrations of Cd(II) 
Concentration of 
Gd(II) in solution 
(jag Cd/ml) 0 
Growth period (weeks) 
12 3 4 
0 5742 A 5984 A 6148 A 6653 A 7107 A 
io ±569 ±841 ±295 ±92 ±368 
a ab ab be e 
0.01 5701 A 10991 C 12512C 11983 G 11570 C 
±0.00 ±118 ±627 ±504 ±251 ±342 
a b d cd be 
0.04 5625 A 8059 B 7779 B 6941 A 6618 A 
±0.01 ±186 ±977 ±962 ±433 ±330 
a c be be ab 
1.03 5591 A 6040 A 6700 AB 7927 B 9094 B 
±0.04 ±31.5 ±327 ±473 ±109 ±246 
a a b c d 
r -0.4848$ -0.3652$ -0.1288$ 0.1349$ 
Each value is the me,an of three replications with standard deviation. 
Means followed by the same capital letter within a column or the same lower­
case letter within a row aire not statistically different at the 0.05 level 
as determined by Duncan's Multiple Range Test. 
ÏNot significant at the 0,05 level. 
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than week 0 levels). Tissue P concentrations remained near 
this level through week 4-. Concentrations of P in plants 
exposed to 0.04 jug Cd/ml increased 43% hy week 1. Similar 
concentrations were observed through week During week 4, 
tissue P concentrations decreased to a level similar to 
that observed at week 0, Concentrations of P in plants 
exposed to 1.03 Mg Cd/ml increased 63% from week 0 through 
week 4. In general, concentrations of P in plants exposed 
to Cd(II) treatments increased to greatest concentrations by 
week 1 or 2 and thereafter declined slightly (with the excep­
tion of plants exposed to 1.03 jug Cd/ml). Tissue P was 
chosen as an indicator of plant health and general vigor and 
was expected to decrease with increasing Cd(ll) treatments. 
Concentrations of P in plants exposed to 1.03 MS Cd/ml, 
however, were observed to increase over time, thereby 
indicating that the mechanism involved in Cd(II) uptake in 
these plants was not closely associated with P metabolism. 
Statistical analysis of tissue P concentrations among 
treatments within week 1 showed tissue P in plants exposed 
to 0.01 and 0.04 jag Cd/ml increased 84 and 35%, respectively. 
Phosphorus concentrations in plants exposed to 1.03 jug Cd/ml 
were not significantly different from controls. Within 
week 2, plants exposed to 0.01 or 0.04 jug Cd/ml increased 
104 and 2?%, respectively. Plants exposed to 1.03 jug Cd/ml 
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were not significantly different from controls. During 
week 3» concentrations of P in plants exposed to 
0.01 MS Cd/ml increased 80%. Plants exposed to 0.04 jug Cd/ml 
were statistically equivalent to controls. Concentrations 
of P in plants exposed to 1.03 Mg Cd/ml increased 19%-
During week 4-, concentrations of P in plants exposed to 
0.01 ;ug Cd/ml increased 53%. Plants e.-vposed to 0.04 jug Cd/ml 
contained tissue P concentrations statistically equivalent 
to controls. Concentrations of P in plants exposed to 
1.03 ;u.g Cd/ml increased 28%. Regression analyses showed 
a linear model provided the best fit between tissue P 
concentrations in A. caroliniana and solution Cd(II) 
concentrations ranging from 0.01 to 1.03 J^ g Cd/ml. However, 
correlation coefficients were below the 0.05 level of 
significance, 
50% Headland goliition Table 6 presents concentra­
tions of P (jug P/g dry wt) in A, caroliniana plants harvested 
weekly from 50% Hoagland solution containing various 
concentrations of Cd(II), Tissue P was affected by both 
time and treatment. 
Statistical analysis of tissue P over time within 
treatments showed concentrations of P ?n control plants did 
not change significantly from week O through week 2. 
By week 3, however, the tissue P concentration had 
Table 6. Concentrations of P (jug P/g dry wt) in Azolla caroliniana plants 
harvested weekly from 50% Hoagland solution contsSning various 
concentrations of Cd(II) 
Concentration of 
Cd(II) in solution 
Oug Cd/ml) 0 
Growth period (weeks) 
1 2 3 
0 24365 B 26033 B 25428 AB 35566 C 
±0 ±609 ±1153 ±950 ±3518 
a a a b 
0.02 22598 A 20396 A 28783 B 29065 B 
±0.01 ±888 ±965 ±394 ±479 
b a c c 
1.0 23478 AB 25146 B 22786 A 23225 A 
±0.02 ±1478 ±873 ±405 ±621 
ab b a a 
9.14 21901 A 22131 A 29787 B 36466 C 
±0.52 ±246 ±1787 ±4933 ±2599 
a a b c 
r -0.2926$ 0.5732* 0.5031$ 
Each value is the mean of three replications with standard deviation. 
Means followed by the same capital letter within a column or the same lower-case 
letter within a row are not statistically different at the 0.05 level as deter­
mined by Duncan's Multiple Range Test. 
$Not significant at the 0.05 level. 
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increased 46%. Concentrations of P in plants exposed to 
0.02 MS Cd/ml decreased 7% from week 0 to week 1, Greatest 
concentrations of tissue P were observed at week 3 with an 
increase of 29% from week 0 and 4-3% from week 1. 
Concentrations of P in plants exposed to 1.0 Aig Cd/ml did 
not change significantly over the growth period. Concentra­
tions of P in plants exposed to 9.14 jug Cd/ml increased 67% 
by week 3- In general, concentrations of P in control plants 
and treatment plants increased over time, with the 
exception of plants exposed to 1.0 ^ig Cd/ml. 
Statistical analysis of tissue P concentrations among 
treatments within weeks showed no significant differences 
at week 0. During week 1, concentrations of P in plants 
exposed to 1.0 Mg Cd/ml were statistically similar to 
controls. Concentrations of P in plants exposed to 
0.02 and 9.14 Aig Cd/ml were 22 and 15% lower than controls, 
respectively. Tissue P concentrations in plants exposed 
to Cd(II) treatments during week 2 were not statistically 
different from controls. During week 3, however, 
concentrations of P in plants exposed to 0.02 and 
1.0 /ig Cd/ml were 18 and 35% lower than controls, 
respectively. Concentrations of P in plants exposed to 
9.14 jug Cd/ml for 4 weeks were statistically equivalent to 
control plants. In general, analysis of tissue P concen­
trations among treatments within weeks showed control plants 
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contained amounts of P greater than or equal to those 
treated with Cd(II). Regression analyses of tissue P 
concentrations with increasing concentrations of Cd(II) in 
solution showed a linear model provided the best fit, but 
correlation coefficients were below the 0.05 level of 
significance. Therefore, increases in solution Cd(II) 
concentrations from 0.02 to 9*14 Aig Cd/ml would not be 
expected to result in direct decreases or increases in 
tissue P concentrations in plants grown in 50% Hoagland 
solution. In general, tissue P concentrations in control 
plants grown in 50% Hoagland solution were about 5-fold 
greater than those of control plants grown in 10% Hoagland 
solution. Concentrations of P in plants grown in 50% 
Hoagland solution tended to decrease with increases in 
Cd(II) treatment (with the exceptions of week 1 at 
1.0 jug Cd/ml and weeks 2 and 5 at 9.1^  MB Cd/ml). 
Concentrations of various nutrient elements in tissue 
10% Hoagland solution Appendix B presents estimates 
of concentrations of major macro- and micro-nutrients 
(Aig element/g dry wt) in A. caroliniana plants harvested 
weekly from 10% Hoagland solution containing various 
concentrations of Od(II). Analysis of variance could not 
be run on these values since they represent composite 
samples and were not replicated. The concentrations of all 
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elements in A. caroliniana tissue appeared to be above 
growth-limiting values (compared to controls), and well 
above critical nutrient levels reported by Gerloff (1969) 
and Gerloff and Krumbholz (1965). 
Regression analyses were calculated to determine 
strengths of relationships between concentrations of Cd(II) 
and those of nutrients in the tissue. A linear regression 
provided the best fit. Concentrations of potassium and 
aluminum in tissue were observed to be negatively correlated 
to tissue Cd(II) concentrations at week 1 and week 2, 
respectively. Concentrations of zinc in tissue were 
positively correlated to tissue Cd(II) concentrations at 
week 1. Correlation coefficients of the remaining element-
time combinations did not appear in predictable patterns. 
A clearly defined, direct relationship between concentra­
tions of Cd(II) in tissue and concentrations of other 
elements was not established from these data. 
Tissue dry weights 
10% Hoagland solution Table 7 presents dry weights 
p (g/m ) of A. caroliniana plants harvested weekly from 
10% Hoagland solution containing various concentrations of 
Cd(II). Tissue dry weights were affected by time but only 
slightly by treatments. 
p» ^  
Table 7* Dry weights (g/m ) of Azolla carolini.ana plants harvested weeklv from 
10% Hoagland solution containing various concentrations of Cd(II) 
Concentration of 
CdClI) in solution 
Oug Cd/ml) 0 
Growth period (weeks) 
12 3 
1 +
 
o
o
 
12.48(57 A 
±0.0153 
a 
21.1070B 
±1.5321 
cd 
23.2064 A 
±4.8735 
d 
18.1173 A 
±2.0223 
be 
13.8068 A 
±1.5555 
ab 
0.01 
±0.00 
12.4867 A 
±0.0153 
a 
20.7505B 
±3.1148 
b 
21.4631 A 
±5.8830 
b 
18.3540 A 
±2.6484 
ab 
14.5465 A 
±1.1366 
a 
0.04 
±0.01 
12.4867 A 
±0.0153 
a 
19.9255 AB 
±1.6124 
b 
21.2208 
±6.4621 
b 
16.5141 A 
±1.5590 
ab 
12.2179 A 
±2.4753 
a 
1.03 
±0.04 
12.4867 A 
±0.0153 
a 
16.4269 A 
±1.3390 
b 
17.0679 A 
±1.6147 
b 
15.2923 A 
±1.2211 
b 
15.0200 A 
±0.0982 
b 
r -0.9802* -0.9487* -0.6659$ 0.5873Î 
Each value is the mean of three replications with standard deviation. 
Means followed by the same capital letter within a column or the same lower­
case letter within a row are not statistically different at the 0.05 level as 
determiaed by Duncan's Multiple Range Test. 
*£ < 0.05. 
ÏNot significant at the 0.05 level. 
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Statistical analysis of dry weights over time within 
treatments showed dry weights of control plants increased 
86% through week 2. A decrease of 41% in dry weights 
then occurred from week 2 to week 4, Dry weights of plants 
exposed to Cd(II) concentrations of 0.01 or 0.04 jag Cd/ml 
were similar to those of controls. Dry weights of plants 
exposed to 1.03 vug Cd/ml increased 36% from week 0 to 
week 2 and thereafter decreased 12% by week 4. In general, 
analysis of dry weights over time showed increases to 
occur during weeks 1 and 2, followed by gradual decreases 
to levels statistically equivalent to week 0. 
Statistical analysis of dry weights among treatments 
within weeks showed significant decreases of 22% in dry 
weight in plants exposed to 1.03 Aig Cd/ml during week 1. 
Dry weights did not change significantly during other weeks. 
Regression analyses showed tissue dry weights changed in 
direct inverse relation to increasing concentrations of 
Cd(II) in solution during weeks 1 and 2. This relationship 
was best explained by a linear regression. There was no 
significant relationship, however, during weeks 3 and 4. 
Therefore, biomass would be expected to decrease in a 
linear fashion when exposed to Gd(II) conoentrations ranging 
from 0.01 to 1.03 Mg Cd/ml for a 2-week period. After 2 
weeks, however, Cd(II) concentrations would not be directly 
related to changes in dry weights. 
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30% Hoasland solution Table 8 presents dry weights 
p (s/m ) of A. caroliniana plants harvested weekly from 50% 
Hoagland solution containing various concentrations of 
Cd(II). Tissue dry weights were affected by time but not 
treatment. 
Statistical analysis of dry weights over time within 
treatments showed dry weights of control plants increased 
75% from week 0 to week 1. From week 1 through week 3» dry 
weights decreased 38%, at which time dry weights were 
statistically equivalent to week 0. Dry weights of plants 
exposed to 0.02 or 1.0 jug Cd/ml increased about 75% from 
week 0 to week 1 and thereafter decreased 45% through 
week 3. Dry weights of plants exposed to 9.14 jug Cd/ml 
increased 85% from week 0 to week 1 and thereafter decreased 
48% through week 3- In general, dry weight increased 
through week 1 and thereafter decreased. This trend could 
be due to toxicity to the high nutrient solution or 
senescence. 
Statistical analysis of dry weights among treatments 
within weeks showed there was no significant effect due to 
Cd(II) treatments. Regression analyses, however, showed a 
significant linear correlation at week 1 between dry weights 
and concentrations of Cd(II) in solution. During weeks 2 
and 3, correlations were far below the acceptable level of 
p 4 
Table 8. ."Dry weights (g/m ) of Azolla caroliniana plants harvested weekly from 50% 
Hoagland solution containingvarious concentrations of Cd(II) 
Concentration of 
Cd(II) in solution 
Gag Gd/ml) 0 
Growth period (weeks) 
1 2 3 
0 
±0 
12.4867 A 
±0.0153 
a 
21.8198 A 
±0.4951 
c 
20.2470 A 
±0.8360 
b 
13.4771 A 
±0.1591 
a 
0.02 
±0.01 
12.4867 A 
±0.0153 
a 
22.1220 A 
±0.8539 
b 
19.9925 A 
±1.9979 
b 
12.1932 A 
±1.0714 
a 
1.0 
±0.02 
12.4867 A 
±0.0153 
a 
21.7996 A 
±0.7179 
c 
18.0464 A 
±1.4591 
b 
11.9211 A 
±1.1251 
a 
9.14 
±0.52 
12.4867 A 
+0.0153 
a 
23.0484 A 
±0.8344 
c 
20.3720 A 
±1.8539 
b 
12.0247 A 
±0.9149 
a 
r 0.9483* 0.3356$ -0.4115$ 
Each value is the mean of three replications with standard deviation. Means 
followed by the same capital letter within a column or the same lower-case letter 
within a row are not statistically different at the 0.05 level as determined by 
Duncan's îhiltiple Range Test., 
•jD < 0.05. 
ÏNot significant at the 0.05 level. 
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significance (0.05 level). Increasing concentrations of 
Cd(II) in solution from 0,02 to 9.14 /ig Cd/ml, therefore, 
would not be expected to result in direct changes in tissue 
dry weights after week 1. 
Net primary production 
10% Hoagland solution Table 9 presents NPP 
p (g dry wt/m ) of A. caroliniana plants harvested weekly from 
10% Hoagland solution containing various concentrations of 
Cd(II). Net primary production was observed to be affected 
by both time and treatment. 
Statistical analysis of NPP of control plants over time 
showed a significant increase of 194-% from week 1 to week 2. 
From week 2 through week 4, NPP decreased 62% to a level 
statistically equivalent to that of week 1. This trend 
also was observed in plants exposed to 0.01 or 0.04 ;ag Cd/ml 
and percent changes were eimilar. Plants exposed to 
1.03 Mg Cd/ml increased 351% in NPP from week 1 to week 2 
and thereafter did not change significantly through week 4. 
In general, NPP of all plants increased through week 2 and 
thereafter decreased through week 4. Exceptions to this 
trend were plants exposed to 1.03 Mg Cd/ml, which maintained 
NPP through week 4. This may indicate a stimulatory effect 
of 1.03/ig Cd/ml on NPP. 
o ^  
Table 9. NPP (g dry vrfc/m ) of Azolla caroliniana plants harvested weekly from 10% 
Eoagland solution containing various concentrations of Cd(II) 
Concentration of 
Cd(II) in solution 
(jug Cd/ml) 1 
Growth period (weeks) 
2 5 4 
TPP 
0 
±0 
8.6070B 
±1.4655 
a 
25.3058 B 
±4.5212 
c 
13.0282 A 
±2.3776 
b 
9.4963B 
±1.6310 
a 
56.4373 
0.01 
±0.00 
8.2505 B 
±1.2871 
a 
22.1757 B 
±4.1868 
c 
15.2449 B 
+1.2764 
b 
10.7390 B 
±2.4121 
a 
56.4101 
0.04-
±0.01 
7.4255B 
±1.5742 
a. 
22.5161 B 
±3.7811 
c 
II.8O74A 
±2.2641 
b 
7.9217 A 
±2.1820 
a 
49.6707 
1.03 
±0.04 
3.9269 A 
±1.1060 
a. 
17.7089 A 
±2.3128 
b 
15.5167B 
±2.1008 
b 
13.7477 c 
±3.5410 
b 
50.9002 
r -0.9602* -0.9037Ï 0.5877$ 0.8716$ 0.4859$ 
'1 
Each value is the mesai of three replications with standard deviation. Means 
followed by the same capital letter within a column or the same lower-case letter 
wi.thin 8i row are not statistically different at the 0.05 level as determined by 
Duncan's Multiple Range Test. 
*2 < 0.05. 
ilJot significant at the 0.05 level. 
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Statistical analysis of NPP among treatments within 
weeks showed a 5^ % reduction in NPP at week 1 in plants 
e3q)0sed to 1.05 /ig Cd/ml. During week 2, NPP decreased 30% 
in plants exposed to 1.03 Mg Cd/ml. During week 4-, NPP 
increased 44% in plants exposed to 1.03 jug Cd/ml. 
Regression analyses of NPP with increasing concentrations 
of Cd(II) in solution showed there was a negative, linear 
relationship at week 1. Increases in Cd(II) concentrations 
in solution from week 2 through week 4, however, were not 
directly related to NPP of A. caroliniana. 
Analysis of TPP after 4 weeks showed plants exposed to 
0.01 jug Cd/ml were statistically equivalent to controls. 
Plants exposed to 0.04 or 1.03 -U.g Cd/ml decreased in TPP 
about 10%. Regression analyses of TPP with increasing 
concentrations of Cd(II) in solution showed no direct 
relationship. 
50% Hoagland solution Table 10 presents NPP 
o (g dry wt/m ) of A. caroliniana plants harvested weekly from 
50% Hoagland solution containing various concentrations of 
Cd(II). Net primary production was affected by both time 
and treatment. 
Statistical analysis of NPP over time within treatment 
showed control plants increased in NPP by 100% from week 1 
to week 2. Prom week 2 to week 3» howeverj NPP decreased 
o '1 
Table 10, NPP (g dry wt/m ) of Azolla caroliniana plants haiTvested weekly from 
50% Hoagland solution containing various concentrations of Cd(II) 
Concentration of 
Cd(II) in solution 
(jag Cd/ml) 1 
Growth period (weeks) 
2 5 
TPP 
0 9.5331 A 18.6742B 6.7072B 54.7145 
±0 ±1.0351 ±2.8974 ±1.8545 
b c a 
0.02 9.6353 A 17.8627 B 4.5941 A 51.8920 
±0.01 ±0.8748 ±1.9640 ±1.4170 
b c a 
1.0 9.5129 A 14.2952 A 5.7958B 29.4019 
±0.02 ±0.9417 ±2.1614 ±1.5221 
b c a 
9.14 10.5617 A 17.6956B 5.6774 A 51.9547 
±0.52 ±0.8151 ±2.4210 ±1.4005 
b c a 
r 0.9485* 0.0906$ -0.7050$ -0.1058Ï 
Each value is the mean of three replications with standard deviation. 
Means followed by the same capital letter within a column or the same lower-case 
letter within a row are not statistically different at the 0.05 level as deter­
mined by Duncan's Multiple Range Test. 
*p < 0.05. 
$Not significant at the 0.05 level. 
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64-%. Net primary production of plants exposed to 
0,02 MB Cd/ml increased 85% from week 1 to week 2. Prom 
week 2 to week 3, NPP decreased 75%. Net primary production 
of plants exposed to 1.0 ug Cd/ml increased 54-% from week 1 
to week 2. From week 2 to week 3, NPP decreased 59%. Net 
primary production of plants exposed to 9.14 Mg Cd/ml 
increased 68% from week 1 to week 2. From week 2 to week 3, 
NPP decreased 79%. In general, the NPP trends indicate 
increases through week 2, followed by decreases at week 3. 
This decrease in NPP of controls and treated plants may 
have been due to toxic effects of nutrients or senescence. 
Statistical analysis of NPP among treatments within 
weeks showed no significant changes during week 1. During 
week 2, NHP decreased 24% in plants exposed to 1.0 ;ag Cd/ml. 
During week 3, NPP decreased 34 and 45% in plants exposed 
to 0.02 and 9.14jug Cd/ml, respectively. Regression 
analyses of NPP with increasing concentrations of Cd(ll) 
in solution showed a significant relationship only at week 1. 
This relationship was best explained by a linear regression. 
After week 1, increases of Cd(II) concentrations in solution 
would not be expected to be directly associated with changes 
in NPP, 
Total primary production after 3 weeks decreased 8, 
15i and 8% in plants exposed to 0.02* 1=0, and 
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9.14 MS Cd/ml, respectively. Regression analyses of TPP 
with increasing concentrations of Cd(II) in solution showed 
no direct relationships significant at the 0.05 level. 
Effects of Cd(II) on Salvinia rotundifolia Willd. 
Concentrations of Cd(II) in tissue 
10% Hoagiand solution Table 11 presents concentra­
tions of Cd(II) (Mg Cd/g dry wt) in S. rotundifolia plants 
harvested weekly from 10% Hoagland solution containing 
various concentrations of Cd(II). Tissue Cd(II) was 
affected by both time and treatment. 
Statistical analysis of tissue Cd(II) concentrations 
over time within treatments showed concentrations of Cd(II) 
in control plants were "below detectable limits throughout 
the growth period. Concentrations of Cd(II) in plants 
exposed to 0.01 /ig Cd/ml increased 216% from week 1 to 
week 2. By weeks 4 and 5, tissue Cd(II) had decreased by 
98% from that at week 2 to concentrations the same as week 
0. Concentrations of Cd(II) in plants exposed to 
0.04 jug Cd/ml increased significantly at week 1 and increased 
again (84%) at week 2.. By weeks 4 and 5? however, there 
was a 95% decrease in tissue Cd(II) concentrations to levels 
statistically the same as at week 0. Concentrations of 
Cd(II) in plants exposed to 1.03 JU-g Cd/ml for 1 week were 
statistically greater than at week 0. Tissue Cd(II) 
Table 11. Concentrations of Cd(II) (jag Cd/g dry wt) in Salvinia rotundifolia 
plants harvested weekly from 10% Hoagland anl uti n-n r.nn-hâi ni ng va-ri mi g 
concentrations of Cd(II) 
Concentration of 
Cd(II) in solution 
Oug Cd/ml) 0 1 
Growth period (weeks) 
2 3 4 5 
0 0 A 0 A 0 A 0 A 0 A 0 A 
±0 ±0 ±0 ±0 ±0 ±0 ±0 
a a a a a a 
0.01 0 A 0.28 A 0.88 A 0.62 A 0.26 A 0.02 A 
Î0.00 ±0 ±0.16 ±0.24 ±0.22 ±0.09 ±0.03 
a a b b a a 
0.04 0 A 0.65 A 1.19 A 0.58 A 0.19 A 0.08 A 
±0.01 ±0 ±0.17 ±0.31 ±0.13 ±0.02 ±0.03 
a b c b a a 
1.03 0 A 253.23B 353.73B 103.59B 6.40 B 2.88 B 
±0.04- ±0 ±35.81 ±70.00 ±17.31 ±1.37 ±1.33 
a c d b a a 
r 0.9995** 0.9995** 0.9995** 0.9994** 0.9999** 
Each value is the mean of three replications with standard deviation. 
Means followed by the same capital letter within a column or the same lower-case 
letter within a row are not statistically different at the 0.05 level as deter­
mined by Duncan's Multiple Range Test. 
**2 < 0.01 
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concentrations at week 2 were 52% greater than at week 1. 
From week 5 through week 5? tissue Cd(II) concentrations 
decreased 97%« During weeks 4 and 5, tissue Cd(II) concen­
trations were at week 0 levels. In general, tissue Cd(II) 
concentrations increased in early weeks followed "by-
decreases of 93 to 98% from week 2 through week 5. 
Statistical analysis of tissue Cd(II) concentrations 
among treatments within weeks showed that only plants 
exposed to 1.05 JUg Cd/ml were significantly different from 
controls from week 1 through week 5- Regression analyses 
indicated a linear model provided the "best fit for the 
relationship "between Cd(II) concentrations tissue and 
Cd(II) concentrations in solution. Linear regression 
correlation coefficients were significant at the 0^ 01 level, 
30% Hoagland solution Table 12 presents concentra­
tions of Cd(II) (^ g Cd/g dry wt) in S. rotundifolia plants 
harvested weekly from 50% Hoagland solution containing 
various concentrations of Cd(II). Tissue Cd(II) concen­
trations were affected by both time and treatment. 
Statistical analysis of tissue Cd(II) concentrations 
over time within treatments showed control plants had no 
detectable tissue Cd(II) throughout the growth period. 
Plants exposed to 0.02 ;ug Cd/ml contained greatest tissue 
Cd(II) at week 4. Tissue Cd(II) decreased 76% from week 4 
Table 12. Concentrations of Cd(II) (jag Cd/g dry wt) in Salvinia rotundifolia 
plants harvested weekly from 50% Hoagland gnlutinn cnntainmg various 
concentrations of Cd(II) 
Concentration of 
Cd(II) in solution 
(jug Cd/ml) 0 1 
Growth period (weeks) 
2 3 4 5 
0 0 A 0 A 0 A 0 A 0 A 0 A 
±0 ±0 ±0 ±0 ±0 ±0 ±0 
a a a a a a 
0.02 0 A 0.02 A 0.29 A 0.77 A 1.07 A 0.26 A 
±0.01 ±0 ±0.03 ±0.04 ±0.14 ±0.22 ±0.05 
a a b c d b 
1.0 0 A 1.58 A 2.66 A 5.40 B 4.06 A 1.16 A 
±0.02 ±0 ±0.45 ±0.56 ±0.37 ±0.20 ±0.32 
a b c e d b 
9.14 0 A 41.18 B 52.37 B 44.70 C 55.79B 46.10 B 
±0.52 ±0 ±3.50 ±6.60 ±3.85 ±5.18 ±5.33 
a c b c d c 
:c 0.9976** 0.9995** 0.9999** 0.9989** 0.9964*» 
Each value is the mean of three replications with standard deviation. Means 
followed by the same capita], letter within a column or the same lower-case letter 
within a row are not statistically different at the 0.05 level as determined by 
Duncan's Multiple Range Test. 
**£ < 0.01. 
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to week 5- Plants exposed to 1.0 ;ug Cd/ml contained 
greatest concentrations of tissue Cd(II) at week 3« A 
decrease of 79% occurred in tissue Cd(II) through week 5* 
Plants exposed to 9.14 /ig Cd/ml contained greatest tissue 
Cd(II) concentrations during week 4. At week 5» tissue 
Cd(II) concentrations decreased by only 17% and were 
similar to those observed at week 1. In general, analysis 
of tissue Gd(II) over time showed increases through week 3 
or week 4, followed by decreases in concentrations at 
week 5. 
Statistical analysis of tissue Cd(II) concentrations 
among treatments within weeks showed significant dif­
ferences occurred only in plants exposed to 9.14 ;ag Cd/ml. 
Eegression analyses showed a linear regression model 
provided the best fit explaining a direct relationship of 
tissue Cd(II) concentrations to solution Cd(II) concen­
trations ranging from 0.02 to 9.14 jug Cd/ml. This 
relationship held true from week 1 through week 5. 
Significant amounts of Cd(II), in general, were not 
taken up by S. rotundifolia plants grown in 10 and 50% 
Hoagland solution except at Cd(II) concentrations of 
7.65 and 9,14 /ag Cd/ml, respectively. Apparently, Gd(II) 
was taken up much more readily by plants grown in 10% 
Hoagland solution than by plants grown in 50% Hoagland 
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solution, since Cd(II) concentrations in plants grown in 
10% Hoagland solution were much greater than in plants 
grown in 50% Hoagland solution. Plants grown in the higher 
nutrient regime, however, did survive much greater concen­
trations of Gd(II). This fact, coupled with the afore­
mentioned observation that plants grown in 50% Hoagland 
solution did not release (or otherwise lose) Cd(II) over 
time to the extent of plants grown in 10% Hoagland solution, 
leads us to conclude that Cd(II) was more readily-
assimilated, more rapidly toxic, and more quickly released 
by plants grown in 10% Hoagland solution than those in 
50% Hoagland solution. 
Tissue Cd(II) data from this study is very different 
from that reported by Hutchinson and Czyrska (1975)• They 
reported that _S. natans tissue contained much greater con­
centrations of Cd(II) than our data show. In Hutchinson and 
Czyrska's study, plants were grown in 20% Hoagland solution 
for 3 weeks and then harvested. Plants exposed to 0.01, 
0.05, and 1.0 jug Cd/ml contained 31, 133, and 
6400 AJ-g Cd/g tissue dry wt, respectively. Species 
differences are suspected to account for these large 
differences in tissue Gd(II) concentrations, since 
laboratory procedures were very similar between Hutchinson 
and Czyrska's study and the present study. 
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Cd(II) CPs in tissue 
10% Hoa^ land solution Table 15 presents Cd(II) CPs 
of S. rotundifolia plants harvested weekly from 10% Hoagland 
solution containing various concentrations of Cd(II). 
Tissue Cd(II) CPs were affected by both time and treatment. 
Statistical analysis of Gd(II) CPs over time within 
treatments showed CPs of plants exposed to 0.01 MS Cd/ml 
increased 215% from week 1 to week 2. Prom week 2 through 
week CPs decreased 98%. Cadmium(II) CPs of plants 
exposed to 0.04 jug Cd/ml increased 85% from week 1 to 
week 2. Prom week 2 through week 5, CPs decreased 93%. 
Cadmium(II) CPs of plants exposed to 1.03 wg Cd/ml 
increased 52% from week 1 to week 2. Prom week 2 through 
week 5t CPs decreased 99%- In general, Cd(II) CPs of 
plants increased through week 2 and thereafter decreased 
by 95 to 99% through week 5-
Statistical analysis of CPs among treatments within 
weeks showed plants exposed to 0.01 jj,g Cd/ml had greater 
CPs than plants exposed to 0.04 jug Cd/ml. Plants exposed 
to 1.05 jug Cd/ml, however, had greatest CPs. Regression 
analyses showed a linear regression provided significant 
correlation coefficients and best explained the relation­
ships between CPs and increasing concentrations of Cd(II) 
in solution during weeks 1, 2, and 5. During weeks 5 and 4, 
Table 13. Cd(II) CFs^  of Sa.lvinia rotundifolia plants harvested weekly from 10% 
Hoagland solutior. containing various concentrations of Cd(II) 
Concentration of 
Cd(II) in solution 
(jug Cd/ml) 
Growth period (weeks) 
2 5 4 5 
0.01 27.9 A 88.1 B 62.0 B 26.0 C 1.7 A 
±0.00 ±15.4 ±24.1 ±21.5 ±8.9 ±2.9 
£l b b a a 
0.04 15.,2 A 29.9 A 14.5 A 4.8 A 2.0 A 
±0.01 ±4.5 ±7.8 ±5.2 ±0.5 ±0.8 
1) c b a a 
1.05 226.0 B 545.0 C 101.0 C 6.2 B 2.8 A 
±0.04 ±54.8 ±68.0 ±16.8 ±1.5 ±1.3 
c d b a a 
r 0.9972** 0.9797* 0.8225Ï -0.4710$ 0.9711* 
Each value is the mean of three replications with standard deviation. 
Means followed by the same capital letter within a column or the same lower-case 
letter wi.thin a row are not statistically different at the 0.05 level as deter­
mined by Duncan's Multiple Range Test. 
*2 < 0.05. 
tlTot significant at the 0.05 level. 
**£ < 0.01. 
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plants did not concentrate Cd(II) in direct relation to 
concentrations of Cd(II) in solution. 
50% Hoagland solution Table 14 presents Od(II) CFs 
in S. rotundifolia plants harvested weekly from 50% Hoagland 
solution containing various concentrations of Cd(II). 
Tissue Cd(II) CPs were affected by both time and treatment. 
Statistical analysis of CPs over time within treatment 
showed CPs in plants exposed to 0.02 ;ag Cd/ml increased 
6292% from week 1 through week 4. Prom week 4 to week 5, 
the CP decreased 76%. Cadmium(II) CPs in plants exposed 
to 1.0 jag Cd/ml increased 238% from week 1 through week 5-
Prom week 3 through week 5, CPs decreased 78%. Cadmium(II) 
CPs in plants exposed to 9.^ 4 Aig Cd/ml increased 35% from 
week 1 through week 4. Prom week 4 to week 5, CPs decreased 
18%. In general, greatest CPs occurred in weeks 3 or 4, 
followed by significant decreases (with the exception of 
plants exposed to 9-14 Aig Cd/ml). 
Statistical analysis of CPs among treatments within 
weeks showed plants exposed to 0.02 jug Cd/ml had greater CPs 
than plants exposed to 1.0 or 9.14 Aig Cd/ml (except at week 
1). Regression analyses showed a direct relationship during 
week 1 between CPs and increasing concentrations of Cd(II) in 
solution. This relationship was best explained by a linear 
regression model. Correlation coefficients from week 2 
through week 5 were below the O.O5 level of significance. 
Table 14, Gd(II) CFs^  of Salvinia rotundifolia plants harvested weekly from 50% 
Hoagland solution containing various concentrations of Cd(II) 
Concentration of 
Cd(II) in solution 
(jug Cd/tal) 1 
Growth period (weeks) 
2 3 4  5 
0.02 0.8 A 14.6 C 38.3 0 53.7 c 13.0 c 
±0.01 ±1.5 ±1.8 ±7.1 ±11.2 ±2.5 
a b c d b 
1.0 1.6 A 2.7 A 5.4 B 4.1 A 1.2 A 
±0.02 ±0.4 ±0.6 ±0.4 ±0.2 ±0.3 
a b d c a 
9.14 4.5:8 3.5B 4.9 A 6.1 B 5.0 B 
±0.52 ±0.4 ±0.7 ±0.4 ±0.6 ±0.6 
b a b c b 
r 0.9950** -0.5324$ -O.5929Ï -0.5530$ -0.2961$ 
/] Each value is the mean of three replications with standard deviation. Means 
followed by the same capital letter within a column or the same lower-case letter 
within a row are not statistically different at the O.O5 level as determined by 
Duncan's Multiple Range Test. 
tlTot significant at the 0.05 level. 
**2 < 0.01. 
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Concentrations of P m tissue 
10% Hoagland solution Table 15 presents concentra­
tions of P (ms P/s dry wt) in S. rotundifolia plants 
harvested weekly from 10% Hoagland solution containing 
various concentrations of Cd(II). Tissue P concentrations 
were affected by both time and treatment. 
Statistical analysis of tissue P over time within 
treatment showed P concentrations in control plants 
increased 110% from week 0 through week 5- Concentrations 
of P in plants exposed to 0.01 Mg Cd/ml increased about 230% 
by week 3 and remained near this level through week 5- The 
greatest concentrations of P were present in plants exposed 
to 0.01 jag Cd/ml, indicating a possible stimulatory effect 
on tissue P concentrations. In plants exposed to 
0.04 jug Cd/ml, concentrations of P increased 107% by 
week 5. In plants exposed to 1.03jug Cd/ml, concentrations 
of P increased weekly through week 5 where they were 167% 
greater than at week 0. In general, tissue P concentrations 
increased throughout the growth period. 
Statistical analysis of tissue P concentrations among 
treatments within weeks showed greatest concentrations of 
P occurred in plants exposed to 0.01 jag Gd/ml within all 
weeks. Plants exposed to 0.04 ;ag Cd/ml were statistically 
equivalent to controls within all weeks. Concentrations of 
/I 
Table 15» Concentrations of P C*ig P/g dry vrt) in Salvinia rotundifolia plants 
harvested weekly from 10% Hoagland solution containing various 
concentrations of Cd(II) 
Concentration of 
Cd(II) in solution 
(jug Cd/ml) 0 1 
Growth period (weeks) 
2 3 4 5 
0 4352 A 4632 A 5158 A 6432 A 7864 A 9129 A 
±0 ±114 ±85 ±82 ±183 ±250 ±133 
a b c d e f 
0.01 4539 A 9487 C 13265 C 15719 c 15188 c 14677 c 
±0.00 ±66 ±228 ±914 ±1799 ±310 ±594 
a b c d d cd 
0.04 4344 A 4347 A 4399 A 5770 A 7574 A 8968 A 
±0.01 ±66 ±221 ±106 ±133 ±334 ±159 
a a a b c d 
1.05 4375 A 6668 B 8004 B 8413 B 9887 B 11683 B 
±0.04 ±148 ±356 ±156 ±159 ±211 ±647 
a b c c d e 
r 0.0970$ 0.0374$ -0.1091$ -0.0557$ 0.1315$ 
'I 
Each value is the mean of three replications with standard deviation. Means 
followed hy the same capital letter within a column or the same lower-case letter 
within a row are not statistically different at the 0.05 level as determined by 
Duncan's Multiple Range Test. 
ÏNot significant at the 0.05 level. 
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P in plants exposed to 1.03 Mg Cd/ml were intermediate to 
those of plants exposed to 0.01 and 0.04 jug Cd/ml, 
Regression analyses showed no significant relationships 
between tissue P concentrations and concentrations of Cd(II) 
in solution. Loss of vigor or signs of stress as indicated 
by tissue P, therefore, were not directly related to 
concentrations of Cd(II) in solution. 
0^% Hoagiand solution Table 15 presents concentra­
tions of P in S. rotundifolia plants harvested weekly from 
50% Hoagland solution containing various concentrations of 
Cd(II). Tissue P concentrations were affected by both time 
and treatment. 
Statistical analysis showed concentrations of P in 
control plants increased 83% from week 0 through week 4-. 
From week 4 to week 5, tissue P concentrations decreased 
15%. Plants exposed to 0.02 Mg Cd/ml showed an increase of 
53% in tissue P from week 0 through week 4. Tissue P 
concentrations decreased 17% from week 4 to week 5* 
Concentrations of P in plants exposed to 1.0 ;ag Cd/ml 
increased 57% from week 0 through week 4. Prom week 4 to 
week 5, tissue P concentrations decreased 25%. Concentra­
tions of P in plants exposed to 9.14 jug Cd/ml increased 46% 
from week 0 through week 2 and remained at that level 
through week 4. From week 4 to week 5, tissue P decreased 
XI 
Table 16. Concentrations of P (mS P/g dry vrt) in Salvinia rotundifolia plants 
harvested weekly from 50% Hoagland solution containing various 
concentrations of Cd(II) 
Concentration of 
Cd(II) in solution 
(jug Cd/ml) 0 1 
Growth period (weeks) 
2 5 4 5 
o
o
 
22557 A 
±1257 
a 
25242 A 
±1559 
a 
51568 C 
±1280 
b 
57711 B 
±951 
d 
41276 C 
±825 
e 
54921 B 
±1602 
c 
o
 o
 
22567 A 
±2197 
a 
27195 BO 
±1688 
b 
25432 A 
±728 
a 
51549 A 
±1025 
c 
54550 A 
±1041 
d 
28701 A 
±855 
b 
o
o
 
24728 A 
±1518 
a 
28480 C 
±1010 
b 
25264 B 
±1459 
a 
29767 A 
±4408 
b 
58769 B 
±1754 
c 
28558 A 
±672 
b 
9.14 
±0.52 
22768 A 
±1041 
a 
25544 AB 
±788 
b 
55024 D 
+2450 
d 
55507 AB 
±2145 
d 
55408 A 
±1166 
d 
28592 A 
±1150 
c 
r -O.O952Ï 0.6545$ 0.0000$ -0.6595$ -0.4165$ 
Each value is the mean of three replications with standard deviation. 
Mesins followed by the same capital letter within a column or the same lower-case 
letter within a row are not statistically different at the 0.05 level as deter­
mined by Duncan's Multiple Hange Test. 
ÏNot significant at the 0.05 level. 
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15%. In general, concentrations of P were greatest in all 
plants at week 4 (with the exception of plants exposed to 
9.14 ;ag Cd/ml) and thereafter decreased from 15 to 25% by-
week 5. 
Statistical analysis of tissue P concentrations among 
treatments within weeks showed P concentrations in plants 
e3q)osed to various Cd(II) treatments were lower than in 
controls (except week 1 and 2 values). Regression 
analyses of tissue P concentrations with increasing 
concentrations of Cd(II) in solution showed no direct 
relationships. 
Concentrations of various nutrient elements in tissue 
10% Hoagland solution Appendix C presents estimates 
of concentrations of major macro- and micro-nutrients in 
S. rotundifolia plants harvested weekly from 10% Hoagland 
solution containing various concentrations of Cd(II). 
Statistical analysis was not run on these values since 
they represent composite samples and were not replicated. 
The concentrations of all elements in Appendix C were above 
growth-limiting values (compared to controls) and well 
above critical nutrient levels reported by Gerloff and 
Krumbholz (1966). Regression analyses of nutrient concen­
trations and concentrations of Cd(II) in plants showed a 
linear model provided the best fit. Concentrations of 
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sodimn in tissue were negatively correlated to tissue Cd(II) 
concentrations at week 1 (0.01 level). Aluminum showed a 
positive correlation at week 1 (significant at the 0.01 
level). Nitrogen and sulfur showed a positive correlation 
at week 3 (0.05 level). Positive correlations also were 
observed for aluminum, boron, and chromium during weeks 5, 
5, and 1, respectively. 
Tissue dry weights 
10% Hoagland solution Table 17 presents dry 
p 
weights (g/m ) of S. rotundifolia plants harvested from 
10% Hoagland solution containing various concentrations of 
Cd(II). Tissue dry weights were observed to be affected by 
both time and treatment. 
Statistical analysis of dry weights over time within 
treatments showed dry weights of control plants increased 
4-2% from week 0 bo wëék 1. Froni week 2 through week 5, 
dry weights did not change significantly from that of 
week 1. Plants exposed to 0.01 jug Cd/ml showed greatest 
dry weights at week 1 (4% greater than week 0). From week 1 
through week 5, dry weights decreased 4.5%. Plants exposed 
to 0.04 Aig Cd/ml had greatest dry weights at week 1 (7.2% 
greater than week 0). By week 5, dry weight was lower than 
week 0. At week 5, dry weight had decreased 28% from 
week 1. Dry weights of plants exposed to 1.05 Mg Cd/ml 
2 'I Table 17» Dry weights (g/m ) of Salvinia rotundifolia plants harvested from "10% 
Eoagland solution containing various concentrations of Cd(II) 
Concentration of 
CdClI) in solution 
(jug Cd/ml) 0 1 
Growth period (weeks) 
2 3 4 5 
o
o
 
7.0986 A 
±0.1486 
a 
10.0812 C 
±0.9932 
b 
10.0656 D 
±0.1059 
b 
10.0921 D 
±0.1534 
b 
10.0217 D 
±0.2273 
b 
10.0134 D 
±0.1427 
b 
0.01 
±0.00 
7.1012 A 
±0.1215 
ab 
7.3913 A 
±0.2093 
c 
7.2655 A 
±0.2248 
be 
7.2065B 
±0.2248 
abc 
7.2109 c 
±0.1961 
abc 
7.0583 G 
±0.1624 
a 
o
o
 
7.1424 A 
±0.1629 
d 
7.6598 A 
±0.2462 
e 
7.6I7I B 
±0.2283 
e 
6.7974 A 
±0.1019 
c 
6.1582 B 
±0.0762 
b 
5.5124 B 
±0.2740 
a 
1.03 
±0.04 
7.1378 A 
±0.1438 
c 
8.3502B 
±0.2545 
e 
7.9042 C 
±0.4182 
d 
7.6623 C 
±0.4853 
d 
5.8302 A 
±0.1743 
b 
3.9166 A 
±0.1597 
a 
r -O.O3I6Ï -O.I83OÏ -0.1507$ -0.5407$ -0.7164$ 
Each value is the mean of three replications with standard deviation. Means 
followed by the same capital letter within a column, or the same lower-case letter 
within a row are not statistically different at the 0.05 level as determined by 
Duncan's Multiple Range Test. 
tlTot significant at the 0.05 level. 
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increased 17% from week 0 to week 1, From week 1 through 
week 5» dry weights decreased In general, dry weights 
of control plants remained about 40% greater than week 0 
levels throughout the study period. Dry weights of plants 
exposed to Cd(II) increased in the first few weeks and 
then decreased to levels significantly lower than week 0. 
Statistical analysis of dry weights among treatments 
within weeks showed decreases in dry weights with increasing 
Cd(II) treatments after week 2. At week for example, 
weights decreased 61% in plants exposed to 1.03 /J-g Cd/ml, 
Regression analyses, however, showed no significant, direct 
relationship "between increasing concentrations of solution 
Cd(II) and changes in dry weights. 
30% Hoagland solution Table 18 presents dry 
p 
weights (g/m ) of S. rotundifolia plants harvested weekly 
from 50% Hoagland solution containing various concentrations 
of Cd(II). Tissue dry weights were affected by both time 
and treatment. 
Statistical analysis of dry weights over time within 
treatments showed dry weights of control plants were 
greatest at week 1 (76% greater than week 0). From week 1 
through week 5, dry weights decreased 70%. Plants eagosed 
to 0.02 jUg Cd/ml had greatest dry weights at week 1 (74% 
greater than week 0). From week 1 through week 5, weights 
p  ^
Table 18. Dry weights (g/m ) of Salvinia rotundifolia plants harvested from 50% 
Hoagland solution containing various concentrations of Cd(II) 
Concentration of 
Gd(II) in solution 
(xig Cd/ml) 0 1 
Growth period (weeks) 
2 3 4 5 
0 
±0 
,24-14-A 
.5390 
c 
12.7420 A 
±0.8081 
e 
9.4134 A 
±1.0283 
d 
6.9423AB 
±0.5091 
he 
5.8775 A 
±0.5449 
b 
5.7762AB 
±0.4795 
a 
0.02 
±0.01 
,24-14-A 
5390 
c 
12.5866 A 
±1.0236 
e 
8.7491 A 
±0.5080 
d 
7.0059AB 
±0.5416 
he 
5.9553 A 
±0.5606 
h 
4.O87IAB 
±0.4087 
a 
1.0 
±0.02 ±2: 
24-14-A 
5390 
"b 
13.0530 A 
±1.0208 
d 
9.3027 A 
±1.1099 
c 
7.4841 B 
±0.4633 
h 
5.8775 A 
±0.3899 
a 
4.6620 B 
±0.7182 
a 
9.14 
±0.52 ±0*. 
2414-A 
5390 
c 
12.9705 A 
±1.0308 
e 
9.6443 A 
±0.9885 
d 
6.1201 A 
±0.7402 
he 
5.6631 A 
±0.4594 
b 
3.4394 A 
±0.1127 
a 
r 0.5023Ï 0.6681$ -0.8543$ -0.9660* -0.6337$ 
/] 
Each value is the mean of three replications with standard deviation. Means 
followed "by the same capital letter within a column or the same lower-case letter 
withiji a row are not statistically different at the 0.05 level as determined "by 
Duncan's Multiple Range Test. 
*2 < 0.05. 
llTot significant at the 0.05 level. 
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decreased 68%. Plants exposed to 1.0 jag Cd/ml had greatest 
dry weights at week 1 (80% greater than week 0), From 
week 1 through week 5» dry weights decreased 64%. Plants 
exposed to 9.14 ^ig Cd/ml also had greatest dry weight 
(79% greater than week 0), Prom week 1 through week dry 
weights decreased 74%. In general, greatest dry weights 
occurred at week 1, followed by decreases ranging from 64% 
to 74-%. Since control plants also followed this trend, 
factors such as senescence or toxicity of 
nutrients could explain the decrease in dry weights 
over time. 
Statistical analysis of dry weights among treatments 
within weeks showed significant increases at week 5 in 
plants exposed to 1.0 ;ug Cd/ml. Significant differences 
also occurred during week 5- Regression analyses of dry 
weights with increasing concentrations of Cd(II) in 
solution showed a linear regression best described the 
negative correlation during week 4. Correlation 
coefficients during other weeks were below the statistically 
acceptable level of 0.05. Dry weights of plants grown in 
50% Hoagland solution indicate that 8. rotundifolia would 
not maintain vigorous growth under this high nutrient 
regime. 
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Net primary production 
10% Hoagland solution Table 19 presents KPP 
p (g dry wt/m ) of S. rotundifolia plants harvested weekly 
from 10% Hoagland solution containing various concentra­
tions of Cd(II). Net primary production was affected by 
both time and treatment. 
Statistical analysis of NPP over time within treatments 
showed NPP of control plants increased about 200% from 
week 1 to week 2 and remained at that level through week 5» 
The NPP of plants exposed to 0.01 p.g Cd/ml showed an 
increase of about 2600% from week 1 to week 2 and thereafter 
did not change significantly. Plants exposed to 
0.04 jug Cd/ml increased about 1300% in NPP from week 1 to 
week 2 and thereafter decreased 36% by week 5» Plants 
exposed to 1.03 <US Cd/ml increased 520% in NPP from week 1 
to week 2 and thereafter decreased 73% by week 5* In 
general, analysis of NPP of controls and plants exposed to 
0.01 MS Cd/ml increased through week 2 and thereafter 
remained at those levels. Net primary production of plants 
exposed to greater Cd(II) treatments also increased through 
week 2, but thereafter decreased. 
Statistical analysis of NPP among treatments within 
weeks showed significant decreases in NPP in plants exposed 
? ^ Table 19. UPP (g dry wt/m ) of Salvinia rotundifolia plants harvested weekly from 
10% Ho agi and solution containing various concentrations of Cd(II) 
Concentration of 
Cd(II) in solution 
(jug Cd/ml) 1 2 
Growth period (weeks) 
3 4 5 
TPP 
0
0
 
2.9826B 
10.0841 
a 
10.0500 B 
±0.7814 
b 
10.1186 C 
±0.2009 
b 
9.9513 D 
±0.3012 
b 
10.0051 D 
±0.0581 
b 
43.1042 
0.01 
±0.00 
0.2901 A 
±0.0880 
a 
7.1397 A 
±0.2403 
b 
7.1475B 
±0.2248 
b 
7.2153 c 
±0.1674 
b 
6.9057 G 
±0.1287 
b 
28.6983 
0.04 
±0.01 
0.5174 A 
±0.0833 
a 
7.5744 A 
±0.2104 
d 
5.9717 A 
±0.0245 
c 
5.5190 B 
±0.0505 
c 
4.8666 B 
±0.2718 
b 
24.4551 
1+
 
0
 1.2124 B 
±0.1107 
a 
7.4582 A 
±0.5819 
c 
7.4204 B 
±0.5524 
c 
3.9981 A 
±0.1367 
b 
2.0030 A 
±0.1451 
a 
22.0921 
r -0.0424$ -0.3153$ -0.1217$ -0.7200$ -0.7983$ -0.5540$ 
Each value is the mean of three replications with standard deviation. Means 
followed by the same capital letter within a column or the same lower-case letter 
witliin a row are not statistically different at the O.O5 level as determined by 
Duncan's Multiple Range Test.. 
$Not significant at the O.O5 level. 
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to 0.04 or 1.03 MS Cd/ml during weeks 3 through 5. 
Regression analyses of NPP with increasing Gd(II) treatments 
showed a linear model provided the best fit, but negative 
correlation coefficients were non-significant at the 0.05 
level. 
Total primary production of plants exposed to Cd(ll) 
treatments for 5 weeks decreased 30% in plants exposed to 
0.01 MS Gd/ml. A reduction of 43% occurred in plants 
exposed to 0.04 /ig Cd/ml. Total primary production of 
plants exposed to 1.03 Aig Cd/ml decreased 49%. Regression 
analyses of TPP with increasing Cd(II) treatments showed 
non-significant linear correlation coefficients. 
30% Hoagland solution Table 20 presents NPP 
p (g dry wt/m ) of S. rotundifolia plants harvested from 50% 
Hoagland solution containing various concentrations of 
Cd(II). Net primary production was affected by both time 
and treatment. 
Statistical analysis of NPP over time within treatments 
showed NPP of control plants increased ^^ °/o from week 1 to 
week 2 followed by a decrease of 73% from week 2 through 
week 5« Net primary production of plants exposed to 
0.02yug Cd/ml did not change from week 1 through week 4. 
A decrease of about 50% occurred at week 5- Net primary 
production of plants exposed to i.Ojag Cd/ml did not change 
o /] 
Table 20. NPP (g dry wt/m ) of Salyinia rotuadifolia plants harvested weekly from 
50% Hoagiand solution containing various concentrations of Cd(II) 
Concentration of 
Cd(II) in solution 
(jag Cd/ml) 1 2 
Growth period (weeks) 
3 4 5 
TPP 
0 
±0 
5.5006 A 
±0.2691 
c 
6.0848 A 
±1.2485 
d 
4.4712 B 
±0.5807 
b 
4.8127B 
±0.4141 
b 
1.6749AB 
±0.1011 
a 
22.5442 
0.02 
±0.01 
5.3452 A 
±0.4846 
b 
4.9116 A 
±0.5752 
b 
5.2627 C 
±0.5796 
b 
4.9047 B 
±0.2568 
b 
2.2189 B 
±0.4795 
a 
22.6431 
CM 
0
0
 
5.8116 A 
±0.4818 
c 
5.5524 A 
±0.5121 
c 
5.6655 C 
±0.3165 
c 
4.2709 A 
±0.3040 
b 
3.4465 C 
±0.2571 
a 
24.7469 
9.14 
±0.52 
5.7291 A 
±0.4918 
c 
6.3181 A 
±0.9462 
d 
2.5959 A 
±0.4919 
b 
5.2061 B 
±0.7863 
c 
1.2157 A 
±0.2116 
a 
21.0649 
r 0.5023$ 0.6406$ -0.8965$ 0.6181$ -0.5576$ —0.6668$ 
Each value is the mean of three replications with standard deviation. Means 
followed by the same capital letter within a column or the same lower-case letter 
within a row are not statistically different at the O.O5 level as determined by 
Duncan's Multiple Range Test., 
twot significant at the O.O5 level. 
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from week "1 through week 3- From week 5 to week 4, NPP 
decreased 25%. From week 4 to week 5, KPP decreased 20%. 
Net primary production of plants exposed to ;ug Cd/ml 
increased 10% from week 1 to week 2. A decrease of 80% 
in NPP occurred from week 2 through week 5* In general, 
NPP of controls and treated plants increased through week 2 
and thereafter decreased to levels below those during week 1. 
Statistical analysis of NPP among treatments within 
weeks showed a trend in later weeks of decreasing NPP with 
increasing Cd(II) treatments. Regression analyses of NPP 
with increasing Cd(II) treatments showed positive (early 
weeks) or negative (later weeks) linear correlations provided 
the best fit but were non-significant at the 0.05 level of 
significance. Week 4- was an exception for both trends. 
Total primary production of plants exposed to the 
greatest Od(TT) treatment of _ug Cd/ml decreased only 
about 6%. Regression analyses of TPP with increasing Cd(II) 
treatments showed correlation coefficients were below the 
0.05 level of significance. 
2 Number of fronds/m 
10% Hoagland solution Table 21 presents the number 
of fronds/m of S. rotundifolia plants prior to weekly 
harvests from 10% Hoagland solution containing various 
p 
concentrations of Cd(II). Number of fronds/m were 
2^ Tat le 21. Number of fronds/m of Salvinia rotrundif o lia plants prior to weekly 
harvests from 10% Hoagiand solution containing various concentrations 
of Cd(II) 
Concentration of 
Cd(II) in solution 
(jug Gd/ml) 0 1 
Growth period (weeks) 
2 5 4 5 
0 7067 A 9774 A 9825 A 9985 B 10276 D 9892 C 
±0 ±0 ±517 ±227 ±450 ±600 ±169 
a h h he c be 
0.01 7057 A 10590 B 10155B 10055 B 9906 CD 9968 C 
±0.00 ±0 ±565 ±457 ±456 ±255 ±405 
a c be be b b 
0.04 7067 A 10064 AB 9851 A 8817 A 7969 B 7221 B 
±0.01 ±0 ±4-55 ±148 ±142 ±80 ±147 
a e d c b a 
1.03 7067 A 10226 AB 9954-AB 974-7 B 7655 A 5826 A 
±0.04 ±0 ±505 ±107 ±257 ±106 ±456 
h e de d c a 
r 0.2921$ 0.0755$ 0.0872$ -0.6792$ -0.8015$ 
/] Each value is the mean of three replications with standard deviation. 
Means followed "by the same capital letter within a column or the same lower­
case letter within a row are not statistically different at the 0.05 level as 
determined "by Duncan's Multiple Range Test. 
$Not significant at the 0.05 level. 
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affected "by both time and treatment. 
2 Statistical analysis of number of fronds/m over time 
2 within treatments showed number of fronds/m of control 
plants increased about 45% from week 0 through week 5-
Plants exposed to 0.01, 0.04, or 1.03 Mg Cd/ml increased 
about 45% in number of fronds/m by week 1. From week 1 
through week 5? however, frond number decreased by 4, 28, 
and 4-3%, respectively. In general, the number of fronds/m 
of control plants increased through week 5» while the number 
p 
of fronds/m of plants exposed to 0.01, 0.04, or 
1.03 Aig Cd/ml decreased after week 1, thereby indicating 
a treatment effect. 
Statistical analysis of frond number among treatments 
within weeks showed only slight changes with increasing 
Cd(II) concentrations during week 1 through week 3. 
Significant decreases occurred in weeks 4 and 5 with Cd(II) 
treatments of 0.04 and 1.03 Aig Cd/ml (20 and 40% reductions, 
respectively). No decreases occurred in plants exposed to 
the 0.01 jug Cd/ml treatment during weeks 4 or 5. Regression 
analyses showed a linear model provided the best fit, but 
correlation coefficients between number of fronds/m and 
increasing Cd(II) concentrations were below the 0.05 level 
of significance. 
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30% Hoagland solution Table 22 presents the number 
2 of fronds/m of S. rotundifolia plants prior to weekly 
harvests from 50% Hoagland solution containing various 
p 
concentrations of Cd(II). The number of fronds/m was 
affected by both time and treatment. 
2 Statistical analysis of the number of fronds/m over 
2 time among treatments showed the number of fronds/m of 
control plants increased 48% at week 1 and thereafter 
decreased 61% through week 5- Plants exposed to Cd(II) 
treatments showed this same pattern, with similar increases 
from week 0 to week 1 and decreases from week 1 through 
week 5- Plants exposed to 9*14 Mg Cd/ml, however, decreased 
75% from week 1 through week 5- This trend of decreasing 
o 
number of fronds/m over time may have been due to the large 
quantity of nutrients in solution, since controls in 10% 
Hoagland solution did not decrease over time, thereby 
precluding natural senescence. 
Statistical analysis of number of fronds/m among 
treatments within weeks showed significant changes only in 
plants exposed to 9-14 jug Cd/ml from week 3 through week 5-
Regression analyses showed a linear model provided the best 
O 
fit between number of fronds/m and increasing concentrations 
of Cd(II) in solution. The linear correlation coefficients, 
however, were not above the acceptable significance level 
Table 22. Number of fronds/m"'' of Salvinia rotundifolia plants prior to weekly 
harvests from 50% Hoagland solution containing various concentrations 
of Cd(II) 
Concentration of 
Cd(IIC) in solution 
(jug Cd/ml) 0 1 
Growth period (weeks) 
2 3 4 5 
0 7067 A 10483 A 8645 A 6678 B 5394 C 4146 B 
±0 ±0 ±567 ±402 ±348 ±402 ±593 
c e d c b a 
0.02 7067 A 10177 A 8434 A 6360 AB 4782 B 3605 B 
+0.01 ±0 ±71 ±82 ±122 ±216 ±324 
d f e c b a 
1.0 7067 A 10106 A 8481 A 6572 B 5135 BC 3840 B 
±0.02 ±0 ±122 ±187 ±308 ±227 ±248 
d f e c b a 
9.14 7067 A 10459 A 8245 A 5842 A 4005 A 2638 A 
±0.52 ±0 ±122 ±521 ±511 ±268 ±204 
d f e c b a 
r 0.4666$ -0.8494$ -0.9229$ -0.9015$ -0.9386$ 
1 Each value is the mean of three replications with standard deviation. 
Means followed "by the same capital letter within a column or the same lower-case 
letter within a row are not statistically different at the 0.05 level as deter­
mined by Duncan's Multiple Range Test„ 
iUot significant at the 0.05 level. 
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(0.05 level). Increasing concentrations of Cd(II) in 
solution from 0.02 to 9.14 ug Cd/ml, therefore, would not 
be expected to result in direct changes in number of 
fronds/m observed each week. 
Net frond production 
10% Hoagland solution Table 23 presents IH"? 
(fronds/m^ ) of S. rotimdifolia plants harvested weekly from 
10% Hoagland solution containing various concentrations of 
Cd(II). Net frond production was observed to be affected 
by both time and treatment. 
Statistical analysis of NFP over time within treatments 
showed control plants produced the greatest number of 
fronds/m^  during week 4 (290% increase from week 1), 
followed by a 10% decrease at week 5. Plants exposed to 
0.01 Aig Cd/ml increased 202% in NEP through week 5. Plants 
exposed to 0.04 jas Cd/ml increased in NFP by about 220% 
from week 1 to week 2 and thereafter decreased 33% through 
week 5. Net frond production of plants exposed to 
1.03 jug Cd/ml increased 207% from week 1 to week 2, 
followed by a 58% decrease through week 5. In general, NFP 
of treated plants increased through week 2 or 3 and then 
declined. 
Statistical analysis of NEP among treatments within 
weeks showed no significant difference, in general, among 
Cd(II) treatments and controls during weeks 1, 2, and 3. 
2 1 Table 23- NPP (fronds/m ) of Salvinia rotimdifolia plants harvested weekly from 
10% Hoagland solution containing various concentrations of Cd(II; 
Concentration of 
Cd(II) in solution 
(jag Cd/ml) 1 
Growth period 
2 3 
(weeks) 
4 5 TIT 
0 
±0 
2707 A 
±490 
a 
9876 A 
±310 
be 
10145 B 
±254 
c 
10567 D 
±324 
d 
9508 C 
±240 
b 
42803 
0.01 
±0.00 
5525 A 
±346 
a 
9876 A 
±511 
b 
9933 B 
±310 
c 
9779 c 
±109 
b 
10030 D 
±408 
c 
42941 
0.04 
±0.01 
2997 A 
±510 
a 
9598 A 
±136 
e 
7803 A 
±182 
d 
7121 B 
±78 
c 
6473 B 
±126 
b 
33992 
o
 
g 
o
 
3159 A 
±422 
a 
9682 A 
±217 
d 
9540 B 
±148 
d 
5519 A 
±258 
c 
4019 A 
±240 
b 
31919 
r 0.2921$ -0.3908$ 0.0825$ -0.7974$ -0.8460$ -0.7136$ 
'I 
Each value is the mean, of three replications with standard deviation. 
Means followed by the same capital letter within a column or the same lower-case 
letter within a row are not statistically different at the 0.05 level as deter­
mined by JiXmcan's Multiple Eange Test. 
$Not significant at the 0.05 level. 
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During weeks 4- and 5, however, NFP of plants exposed to 
0.04 or 1.03 Aig Cd/ml was decreased about 55%. Regression 
analyses showed no significant correlation coefficients 
throughout the growth period. A linear regression model 
provided the best fit, however, and these coefficients are 
in Table 23. 
Total frond production after 5 weeks showed decreases 
of 21 and 25% in plants exposed to 0.04 and 1.03 Jug Cd/ml, 
respectively. There was no decrease in TFP of plants 
exposed to 0.01 /ig Cd/ml. A linear regression model 
provided the best fit of TFP to increasing concentrations 
of Cd(II) in solution, but correlation coefficients were 
below the 0.05 level of significance. 
50% Hoaglarid solution Table 24 presents NFP 
p (fronds/m ) of S. rotundifolia plants harvested weekly from 
50% Hoagland solution containing various concentrations of 
Cd(II). Net frond production was observed to be affected 
by both time and treatment. 
Statistical analysis of NFP over time within treatments 
showed NFP of control plants increased 99% from week 1 to 
week 2 and thereafter decreased 57% through week 5 to levels 
below that of week 0. This trend also was observed in 
plants exposed to Cd(II) treatments. The NFP of plants 
exposed to 0.02 jug Cd/ml increased 115% from week 1 to 
p 
Table 24. WîT» (fronds/m ) of Salvinia rotmndifolia plants harvested weekly from 
50% Hoagland solution containing various concentrations of Cd(Il; 
Concentration of 
Cd(II) in solution 
(jug Cd/ml) 1 
Growth period (weeks) 
2 3 4  5 TFP 
0 3416 A 6807 B 4711 BC 4110 C 2898 C 26382 
±0 ±443 ±237 ±294 ±456 ±210 
h e d c a 
0.02 5110 A 6691 B 4286 B 3204 B 2428 B 21668 
±0.01 ±71 ±93 ±162 ±310 ±432 
h d c b a 
1.0 3039 A 6856 B 4663 B 3698 C 2545 B 23015 
±0.02 ±122 ±252 ±429 ±146 ±269 
b e d c a 
9.14 3392 A 6O3I A 3439 A 2168 A 1271 A 16057 
±0.52 ±122 ±436 ±501 ±25 ±140 
c d c b a 
r 0.4666Ï -0.9927** -0.9278$ -0.8903$ -0.9625* -0.9241$ 
Each value is the mean of three replications with standard deviation. Means 
followed "by the same capital letter within a column or the same lower-case letter 
withiji a row are not statistically different at the 0.05 level as determined by 
DuncÊin's Multiple Eange Test. 
*2 < 0.05. 
ÏNot significant at the O.O5 level. 
< 0.01. 
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week 2 and thereafter decreased by 64-% through week 5* Net 
frond production of plants exposed to 1.0 jag Cd/ml 
increased 126% from week 1 to week 2 and thereafter 
decreased 63% through week The KFP of plants exposed 
to 9.14 jug Cd/ml increased 78% from week 1 to week 2 
followed by 79% decrease through week 5» In general, KPP 
in controls and treated plants was greatest during week 2 
and decreased thereafter through week 5 to levels below 
those at weok 1. 
Statistical analysis of NIT among treatments within 
weeks showed that during week 1 all treatments were 
statistically equivalent to controls. During weeks 2 and 
3, NFP of plants exposed to 9.14 jug Cd/ml were significantly 
lower than controls. During weeks 4- and 5 NFP also was lower 
in plants exposed to 0.02, 1.0, or 9.14/ig Cd/ml (except week 
4 at 1.0 ;jg Cd/ml). Regression analyses showed significant 
linear correlations between increasing concentrations of 
Cd(II) in solution and decreasing NPP only during weeks 2 
and 5" Values at other weeks were below the 0.05 level 
of significance. 
Total frond production after 5 weeks was decreased 10, 
5, and 26% in plants exposed to 0.02, 1.0, and 9.14 jmg Cd/ml, 
respectively. Regression analyses showed correlation 
coefficients below the 0.05 level of significance. 
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Effects of Cd(II) on Spirodela polyrhiza L. Schleid. 
Concentrations of Cd(II) in tissue 
10% Hoasland solution Table 25 presents concentra­
tions of Cd(II) (ag Cd/g dry wt) in S. polyrhiza plants 
harvested weekly from 10% Hoagland solution containing 
various concentrations of Cd(II). Tissue Cd(II) was 
observed to be affected by both time and treatment. 
There was no detectable Cd(II) in control plants during 
the growth period. Statistical analysis of tissue Cd(II) 
over time within treatment showed concentrations of Cd(II) 
in plants exposed to 0.04 Cd/ml was greatest at week 1 
and thereafter decreased 84-% by weeks 5 and 4, when there 
was no statistical difference from week 0= This trend of 
greatest concentrations of Cd(II) at week 1 followed by 
decreases of 60 and 99% by week 4 was observed in plants 
exposed to concentrations of Cd(II) in solution of 1.03 
and 7.63 Aig Cd/ml, respectively. In general, analysis of 
tissue Cd(II) over time showed greatest tissue Cd(II) 
occurred during week 1 and thereafter decreased 60 to 99% 
to concentrations statistically similar to that at week 0. 
Statistical analysis of tissue Ûd(II) among treatments 
within weeks showed significant amounts of Cd(II) to be 
accumulated and retained only in plants exposed to 
Table 25. Concentrations of Cd(II) (iig Cd/g dry wt) in Spirodela polyrMza plants 
harvested weekly from 10% Hoagland solution containingvarious concentra­
tions of Cd(II) 
Concentration of 
Cd(II) in solution 
(ug Cd/ml) 0 
Growth period (weeks) 
12 3 4 
0 0 A 0 A 0 A 0 A 0 A 
±0 io io ±0 ±0 ±0 
a a a a a 
0.04 0 A 1.75 A 0,89 A 0.28 A 0.27 A 
±0.01 ±0 ±0.53 ±0.21 ±0.14 ±0.13 
a c b a a 
1.03 0 A 15.30 A 8.96 A 5.99 A 6.36 A 
±0.04 ±0 ±2.45 ±1.16 ±1.29 ±1.00 
a d c b b 
7.63 0 A 5754.25B 3239.65B 78.03 B 74.33 B 
±1.85 ±0 ±2813.45 ±1198.20 ±8.84 ±11.63 
a c b a a 
r O.99I8** 0.9919** 0.9983** 0,9988** 
"1 Each value is the mean of three replications with standard deviation. Means 
followed by the same capital letter within a column or the same lower-case letter 
within a row are not statistically different at the 0,05 level as determined by 
Duncan's Multiple Range Test, 
**£ < 0.01. 
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7*63 jag Cd/ml. Regression analyses indicated a positive 
linear correlation provided the test fit between changes 
in tissue Cd(II) concentrations and increasing concentrations 
of Cd(II) in solution ranging from 0.04 to 7.6$ Aig Cd/ml 
throughout the 4-week growth period. 
50% Hoagland solution Table 26 presents concentra­
tions of Cd(II) Oag Cd/g dry wt) in S. polyrhiza plants 
harvested weekly from 50% Hoagland solution containing 
various concentrations of Cd(II). Tissue Cd(II) was 
observed to be affected by both time and treatment. 
There was no detectable Cd(II) in control plants. 
Statistical analysis of tissue Cd(II) over time within 
treatments showed plants exposed to 0.02 ;ag Cd/ml contained 
significant concentrations of Cd(ll) after 1 week. At 
week 4, tissue Cd(II) concentrations had increased 53% over 
that observed at week 1. This trend also was observed in 
plants exposed to 1.0 ;ag Cd/ml, but the increase by week 4 
was 85%. Concentrations of Cd(II) in plants exposed to 
9.14 Aig Cd/ml was greatest at week 1 and thereafter 
decreased by 57% by week 4, In general, tissue Cd(II) in 
plants exposed to 0.02 and 1.0 wg Cd/ml showed a tendency 
to increase through week 4. Concentrations of Cd(II) in 
plants exposed to 9.14 jug Cd/ml, however, were greatest 
Table 26. Concentrations of Cd(ll) (jig Cd/g dry wt) in Spirodela polyrhiza 
plants harvested weekly from 50% Hoagland solution containing various 
concentrations of Cd(II) 
Concentration of 
Cd(II) in solution 
(aig Cd/ml) 0 1 
Growth period (weeks) 
2 3 4 
0 0 A 0 0 0 0 
±0 ±0 ±0 ±0 io ±0 
a a a a a 
0.02 0 A 0 .30 A 0.35 A 0.38 A 0.40 A 
±0.01 ±0 ±0.05 ±0.02 ±0.05 ±0.02 
a b be c c 
1.0 0 A 5.68 A 5.09 A 6.09 A 6.85 A 
±0.02 ±0 ±0.45 ±0.14 ±1.23 ±1.04 
a b he cd d 
9.14 0 A 415.77B 291.40 B 152.87B 135.37B 
±0.52 ±0 ±23.19 ±21.96 ±23.00 ±23.78 
a d c b b 
r 0.9952** 0.9960** 0.9975** 0.9983** 
Each value is the mean of three replications with standard deviation. 
MeEuas followed hy the same capital letter within a column or the same lower-case 
letter within a row are not statistically different at the 0.05 level as deter­
mined by Duncan's Multiple Hange Test. 
**2< 0.01. 
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during week 1 and thereafter decreased 67% through week 4. 
These decreases in tissue Cd(II) concentrations coincided 
with visual observations of phototoxicity (chlorosis) 
occurring from week 2 through week 4, and may have "been 
due to metabolic stress associated with uptake of Cd(II), 
Data on measurements of dry weight and number of fronds 
substantiate this assumption. 
Statistical analysis of tissue Cd(II) concentrations 
among treatments within weeks showed significant uptake of 
Cd(II) only in plants exposed to jug Cd/ml. Regression 
analyses of tissue Cd(II) concentrations with solution Cd(II) 
concentrations showed a linear relationship provided the 
best fit and was significant at the 0.01 level. Increases 
in tissue Cd(II) concentrations, therefore, were observed 
to be directly related to increasing concentrations of 
Cd(II) in solution from 0.02 to 9.14 jug Cd/ml. 
Cd(II) CPs in tissue 
10% Hoagland solution Table 27 presents Cd(II) 
GFs of S. polyrhiza plants harvested weekly from 10% Hoagland 
solution containing various concentrations of Cd(II). 
Tissue Cd(II) CPs were affected by both time and treatment. 
Statistical analysis of CPs over time within treatments 
showed CPs of plants exposed to 0.04 jug Cd/ml were greatest 
Table 27. Gd(II) GPs^  of Spirodela polyrbiza plants harvested weekly from 10% 
Hoagland solution containing various concentrations of Cd(II) 
Concentration of 
Cd(II) in solution 
(xig Cd/ml) 1 
Growth period (weeks) 
2 3 4 
0.04- 43.9 B 22,4 B 7.1 A 6,9 A 
±0.01 ±13.4 ±5.5 ±3.6 ±3.5 
c b a a 
1.03 14.9 A .8,7 A 5.8 A 5,2 A 
+0,04 ±2.4 ±1.1 ±1.3 ±1,0 
c b a a 
7.63 885.2C 424,6 C 10.2 A 9.7 A 
±1,85 ±368,7 ±157.0 ±1.2 ±1.5 
c b a a 
r 0.9888* 0.9889* 0.9164$ 0,9529* 
/I 
Each value is the mean of three replications with standard deviation. Means 
followed by the same capital letter within a column or the same lower-case letter 
witliin a row are not statistically different at the 0,05 level as determined by 
Duncan's Multiple Range Test.. 
*£ < 0.05. 
tNot significant at the 0,05 level. 
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at week 1 and decreased thereafter 84% by week 4. This 
trend also was observed in plants exposed to 1.03 and 
7-63 jag Cd/ml, where week 4 values were 60 and 99% lower 
than week 1 values, respectively. 
Statistical analysis of CPs among treatments within 
weeks showed that during weeks 1 and 2, CPs of plants 
exposed to 0.04 jag Cd/ml were significantly greater than 
CPs of plants exposed to 1.03 Aig Cd/ml. The CPs of plants 
exposed to 7.63 Aig Cd/ml were greater than those observed 
at either of the other treatments. During weeks 3 and 4, 
there were no statistically significant differences in CPs 
observed among any of the Cd(II) treatments. Regression 
analyses showed the variation in tissue Cd(II) CPs was 
best explained by a linear model which showed a direct 
relationship to concentrations of Cd(ll) in solution during 
weeks 1, 2, and 4. This correlation during week 3, 
however, was below the 0.05 level of significance. 
Therefore, S. polyrhiza growing in these solutions for 
more than 2 weeks would be expected to have a weaker 
relationship between Cd(II) CPs and increasing concentra­
tions of Cd(II) in solution. In general, plants exposed 
to all Gd(II) treatments were concentrating Cd(II) to the 
greatest extent during week 1 and by the end of the experi­
ment CPs were essentially equal for all treatments. 
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50% Hoagland solution Table 28 presents Cd(II) 
CPs of 8. polyrhiza plants harvested weekly from 50% 
Hoagland solution containing various concentrations of 
Cd(II). Tissue Cd(II) CPs were affected by both time 
and treatment. 
Statistical analysis of CPs over time within treatments 
showed CPs of plants exposed to 0.02 Mg Cd/ml increased 
gradually by 51% from week 1 through week 4. The CPs of 
plants exposed to 1.0yUg Cd/ml showed an increase of 86% 
by week 4-. Plants exposed to 9.14- ;iig Cd/ml had the 
greatest CP at week 1, followed by a decrease of 67% 
through week 4. In general, CPs in plants grown in 50% 
Hoagland solution and exposed to the lower Cd(II) 
concentrations (0.02 and 1.0 jug Cd/ml) increased over time. 
Concentration factors of plants exposed to 9.14- ;ag Cd/ml, 
however, decreased from the greatest CP observed during 
week 1. This indicates that only those plants exposed to 
9.14- jug Cd/ml were showing signs of stress after 1 week, 
and thereby releasing Cd(II). 
Statistical analysis of CPs among treatments within 
weeks 1 and 2 showed that plants exposed to 0.02 jag Cd/ml 
had intermediate CPs in relation to the low CPs of plants 
exposed to 1.0 ;uig Cd/ml and the high CPs of plants exposed 
Table 28. Gd(II) CPs of Spirodela polyrhiza plants harvested weekly from 50% 
Hoagland solution containing various concentrations of Cd(II) 
Concentration of 
Cd(II) in solution 
(jug Cd/ml) 1 
Growth period (weeks) 
2 5 4 
0.02 "15.1 B 17.4 B 19.2 B 19.8 C 
±0.01 ±2.5 ±1.1 ±2.5 ±1.2 
a ab b b 
1.0 5.7 A 5.1 A 6.1 A 6.9 A 
±0.02 ±0.5 ±0.1 ±1.2 ±1.0 
a ab be c 
9.14 45.5 C 31.9 C 16.7 B 14.8 B 
±0.52 ±2.5 ±2.4 ±2.5 ±2.6 
c b a a 
r 0.9541Ï 0.8596$ 0.2425* 0.0516$ 
y] 
Each value is the mean of three replications with standard deviation. Means 
followed by the same capital letter within a column or the same lower-case letter 
witliin a row are not statistically different at the 0.05 level as determined by 
Duncan's Multiple Range Test., 
$Not significant at the 0.05 level. 
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to 9.14 /ig Cd/ml. During week 3, CPs of plants exposed to 
0.02 or 9.14 ;u.g Cd/ml were statistically equivalent. A 
lower OF was observed in plants exposed to 1.0 ;ag Cd/ml. 
During week 4, the CP of plants exposed to 0.02 jag Cd/ml 
was greater than CPs in plants exposed to either 1.0 or 
9.14 jug Cd/ml. Regression analyses of tissue 
Cd(II) CFs with increasing solution Cd(II) concentrations 
showed a linear model provided the hest fit but no 
significant correlations at the 0.05 level. Increases in 
concentrations of Cd(II) in plants, therefore, would not 
be expected to be directly associated with increases in 
concentrations of Cd(II) in solution from 0.02 to 
9.14 /ig Cd/ml. The general trend of tissue Cd(II) CPs 
among treatments within weeks showed CFs of plants exposed 
to 1.0 ;ug Cd/ml to be lower than those of plants exposed 
to other Cd(II) treatments. 
Concentrations of P m tissue 
10% Hoagland solution Table 29 presents concentra­
tions of P (/ig P/g dry wt) in S. polyrhiza plants harvested 
weekly from 10% Hoagland solution containing various 
concentrations of Cd(II). Tissue P was affected by 
both time and treatment. 
Statistical analysis of tissue P over time within 
treatments showed concentrations of P in control plants 
/I 
Table 29. Concentrations of P (ng P/g dry wt) in Spirodela polyrMza plants 
harvested weekly from 10% Hoagland solution containing various con­
centrations of Cd(II) 
Concentration of 
CdClI) in solution 
(jag Cd/ml) 0 
Growth period 
1 2 
(weeks) 
5 4 
0 11817 A 10614 B 15426 A 15946 A 16484 A 
±0 ±51515 ±849 ±1295 ±555 ±685 
a a ab b b 
0.04 11754-A 15894 C 15977B 18219 B 18140 A 
±0.01 ±1194 ±250 ±549 ±526 ±174 
a b c d d 
1.03 11505 A 10756B I45O6 AB 18516B 18021 A 
±0.04 ±855 ±621 ±642 ±496 ±171 
a a b c c 
7.65 12617 A 8019 A 16022 B 26651 C 26756B 
±1.85 ±954 ±225 ±1812 ±894 ±1797 
b a c d d 
r -0.8050$ 0.5418Ï 0.9812* 0.9884* 
/] Each value is the meaii of three replications with standard deviation. 
Means followed "by the same capital letter within a column or the same lower­
case letter within a row are not statistically different at the O.O5 level 
as determined by Duncan's Multiple Range Test. 
*£ < 0.05. 
ÏNot significant at the O.O5 level. 
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increased about 40% from week 0 through, week 4-. Plants 
exposed to 0.04 jag Cd/ml had similar increases in tissue P 
(54%). Concentrations of P in plants exposed to 1.03 and 
7.55 Aig Cd/ml increased 59 and 52%, respectively, from 
week 0 through week 4. In general, increases in tissue P 
over time were observed in controls and all treated plants. 
Statistical analysis of tissue P among treatments 
within week 1 showed a significantly greater amount of P 
in plants exposed to 0.04 jug Cd/ml than in controls. 
Concentrations of P were lower in plants exposed to 
7.53 ;iig Cd/ml than in controls. At week 2, there were no 
significant differences in concentrations of P in plants 
exposed to any of the 3 treatments. During weeks 3 and 4, 
tissue P was observed to increase over that of controls 
with increased levels of solution Cd(II). In general, 
analysis of tissue P among treatments within weeks showed 
plants exposed to Cd(II) treatments had greater concentra­
tions of P than controls. Regression analyses showed a 
linear model provided the best fit between tissue P and 
increasing Cd(II) treatments, but correlation coefficients 
were above the 0.05 level only during weeks 3 and 4. These 
data indicate a significant stimulation of tissue P in 
plants exposed to Cd(II) treatments. Concentrations of P 
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in plants during the experiment were about 5 times those 
found by Sutton and Ornes (1977) in S. polyrhiza plants 
grown in a secondarily-treated municipal sewage effluent 
containing similar amounts of P in solution, 
30% Hoagland solution Table 30 presents concentra­
tions of P (wg P/g dry wt) in S. polyrhiza plants harvested 
weekly from 50% Hoagland solution containing various 
concentrations of Gd(II). Tissue P was affected by both 
time and treatment. 
Statistical analysis of tissue P over time within 
treatments showed concentrations of P in S. polyrhiza 
control plants decreased 20% from week 0 through week 3» 
By week 4-, however, tissue P was statistically similar to 
week 0 levels. Concentrations of P in plants exposed to 
0.02 jug Cd/ml increased 27% from week 0 to week 1. From 
week 1 through week 4-, tissue P decreased 12%. Concentra­
tions of P in plants exposed to 1.0,ug Cd/ml remained at or 
near week 0 levels through week 2. From week 2 through 
week 4, however, tissue P decreased 29%. Concentrations 
of P in plants exposed to 9.14- jug Cd/ml increased 97% 
from week 0 to week 1. From week 1 through week 4-, tissue 
P decreased 4-2%. The general trend of tissue P (except in 
controls) was one of high tissue P concentrations in early 
weeks, followed by decreases through week 4-, 
/I 
Table 30. Concentrations of P (jug P/g dry wt) in Spirodela polyrMza plants 
harvested weekly from 50% Hoagland solution containing various con 
centrât!ons of Cd(II) 
Concentration of 
Cd(II) in solution 
Oug Cd/ml) 0 
Growth period (weeks) 
12 3 4 
o
 o
 
21636 A 
±898 
c 
21310 A 
±876 
c 
19410 A 
±1144 
b 
17397 A 
±525 
a 
20505 B 
±1176 
be 
0.02 
±0.01 
21924 A 
±1408 
a 
27939 B 
±1246 
c 
26378 B 
±913 
be 
26152 B 
±884 
be 
244.54 C 
±626 
b 
o
 o
 
20724 A 
±990 
3d 
21647 A 
±903 
d 
19571 A 
±467 
c 
17219 A 
±761 
b 
15275 A 
±190 
a 
9.14 
±0.52 
20806 A 
±760 
a 
42862 C 
±2168 
d 
31629 C 
±1668 
c 
25803 B 
±395 
b 
25037 c 
±1081 
b 
r 0.9338$ 0.8029$ 0.5069$ 0.4686$ 
Each value is the mean of three replications with standard deviation. 
Means followed by the same capital letter within a column or the same lower­
case letter within a row sire not statistically different at the 0.05 level 
as determined by Duncan's Multiple Range Test. 
feet significant at the 0.05 level. 
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Statistical analysis of tissue P among treatments 
within weeks showed plants exposed to Cd(II) (except 
1.0 ;ug Cd/ml) had tissue P concentrations greater than that 
of controls. This probably indicates a stimulatory effect 
of Cd(II) on tissue P. Regression analyses showed a 
linear model provided the best fit between increasing 
concentrations of Cd(II) in solution and tissue P, but 
correlation coefficients were below the 0.05 level of 
significance. Increases in solution Cd(II) concentrations 
from 0.02 to 9.^ 4 jug Cd/ml, therefore, would not be 
expected to be directly related to increases in tissue P. 
Tissue dry weight 
10% Hoagland solution Table 3"! presents dry weights 
(g/m ) of S. polyrhiza plants harvested weekly from 10% 
Hoagland solution containing various concentrations of 
Cd(ll). Tissue dry weights were affected by both time 
and treatment. 
Statistical analysis of dry weights over time within 
treatments showed dry weights of control plants increased 
197% from week 0 through week 4-. From week 0 through 
week 4-, dry weights increased 162 and 159% in plants exposed 
to 0.04 and 1.03 Cd/ml, respectively. Plants exposed to 
7.53 jug Cd/ml, however, increased in dry weight only 123% 
over this time period. 
2 'I Table 31. Dry weights (g/m ) of Spirodela polyrhiza plants harvested weekly 
from 10% Ho agi and. solution containing various concentrations of Cd(II) 
Concentration of Growth period (weeks) 
Cd(II) in solution 
(jug Cd/ml) 0 1 2 3 4 
0 1.0522 A 2.3251 c 2.5265 A 2.8238 B 3.1254B 
±0 ±0.035^  ±0.1451 ±0.3528 ±0.1748 ±0.0357 
a b be cd d 
0.04 1.0517 A 2.3039 BC 2.0777 A 2.3603 A 2.7580 B 
±0.01 ±0.0256 ±0.2621 ±0.4536 ±0.1254 ±0.1874 
a be b be c 
1.03 1.0517 A 2.0777 B 2.1826 A 2.47O8 AB 2.8233 B 
±0.04 ±0.0228 ±0.0760 ±0.1751 ±0.1544 ±0.1431 
a b b c d 
7.63 1.0520 A 0.9694 A 1.9541 A 2.1168 A 2.3457 A 
±1.85 ±0.0243 ±0.0234 ±0.2028 ±0.2717 ±0.3150 
a a b be c 
r -0.9990** -0.6543$ -0.7618$ -0.8842$ 
/| 
Each value is the mean of three replications with standard deviation. 
Means followed by the same capital letter within a column or the same lower-case 
letter within a row are not statistically different at the 0.05 level as deter­
mined by Duncan's Multiple Kange Test. 
$Not significant at the 0.05 level. 
**2 < 0.01. 
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Statistical analysis of dry weights among treatments 
within week 1 showed significant decreases in plants 
exposed to 1.03 or 7.65 Aig Cd/ml. There were no 
significant changes at week 2. During week 3, dry weights 
of plants exposed to 0.04- /ig Cd/ml decreased 15%. Plants 
exposed to 7.63 MS Cd/ml decreased 25%. During week 4-, 
dry weights decreased (by 25%) only in plants exposed to 
7-63 jug Cd/ml. Regression analyses of dry weights with 
increasing Cd(II) treatments showed a negative linear 
correlation provided the best fit during week 1. Other 
weekly, negative linear correlation coefficients were below 
the 0.05 level of significance. 
50% Hoagland solution Table 32 presents dry 
p 
weights (g/m ) of S. polyrhiza plants harvested weekly 
from 50% Hoagland solution containing various concentrations 
of Cd(II). Tissue dry weights were affected by both time 
and treatment. 
Statistical analysis of dry weights over time within 
treatments showed dry weights of control plants increased 
540% by week 3. From week 3 to week 4, dry weight 
decreased 9%. Dry weights of plants exposed to 0.02 ;u.g Cd/ml 
increased 323% by week 3, From week 3 to week 4, dry weights 
decreased 15%. Similar increases in dry weights through 
week 3 were observed in plants exposed to 1.0 and 
2 *1 Table 32. Dry weights (g/ii ) of Spirodela polyrhiza plants harvested weekly 
from 50% Hoaglaiid solution containing various concentrations of Cd(II) 
Concentration of Growth period (weeks) 
CdClI) in solution 
(jag Cd/ml) 0 12 3 4 
0 1.9031 A 2.1449 A 6.3086 B 12.1849 B 11.0589 D 
±0 ±0.0086 ±0.0154 ±0.3793 ±0.2144 ±0.1612 
a a b d c 
0.02 1.9067 A 2.1590 A 6.1201 B 8.0719 A 6.8445 G 
±0.01 ±0.0096 ±0.0127 ±0.8698 ±0.7219 ±0.3230 
a a b c b 
1 . 0  1.9032 A 2.1084 A 6.5771 B 12.2238 B 5.6596 B 
±0.02 ±0.0229 ±0.2272 ±0.5221 ±1.1593 ±0.8919 
a a b c b 
9.14 1.9061 A 2.3852 B 4.3816 A 9.O5I8A 4.2626 A 
±0.52 ±0.01.55 ±0.0177 ±0.1979 ±0.2109 ±0.1862 
a b c d c 
r 0.9629* -0.9586* -0.3651Ï -0.6661$ 
1 Each value is the me.an of three replications with standard deviation. 
Means followed by the same capital letter within a column or the same lower­
case letter within a row aire not statistically different at the 0.05 level 
as determined by Duncan's Multiple Range Test. 
*2< 0.05. 
ÏNot sigpiificant at the 0,05 level. 
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9.14;ug Cd/ml (5^ 5 and 375%i respectively). From week 5 
to week 4-, dry weights of plants e3q)osed to 1.0 and 
9.14 jug Cd/ml decreased 54 and 53%, respectively. In 
general, analysis of dry weights over time showed greatest 
dry weights at week 3 followed by decreased dry weights by 
week 4. CadmiumClI) treatments are presumed to have 
affected dry weights since greater decreases in dry weights 
were observed in plants exposed to Cd(II) treatments than 
in controls. 
Statistical analysis of tissue dry weights among 
treatments within weeks showed variable results. During 
week 1, dry weights increased significantly by 11% only 
in plants exposed to the 9.14 jug Cd/ml treatment level. 
During week 2, however, tissue dry weights decreased by 31% 
in plants exposed to 9.14,ug Cd/ml. During week 3, dry 
weights of plants exposed to 0.02 jug Cd/ml decreased more 
than plants exposed to 9.14 jug Cd/ml. During week 4, 
steady decreases in dry weight were observed with increasing 
Cd(II) treatments. Tissue dry weight in plants exposed to 
9.14 jug Cd/ml was 52% lower than controls. In general, 
analysis of dry weights among treatments within weeks 
showed significant differences occurred during weeks 1 and 
2 only in plants exposed to 9.14 jug Cd/ml. During weeks 3 
and 4, however, plants exposed to 0.02 jug Cd/ml also were 
97 
affected. Regression analyses of changes in dry weights 
with increasing Cd(II) treatments showed a linear model 
provided the best fit with a positive correlation at week 1 
and a negative correlation at week 2. Negative linear 
correlations also were observed during weeks 5 and 4, but 
correlation coefficients were below the 0.05 acceptance 
level. This indicates a slight stimulation may have occurred 
during week 1, followed in weeks 2 through 4 by decreased 
dry weights due to Cd(II) treatments. 
Net primary production 
10% Hoagland solution Table 33 presents NPP 
p (g dry wt/m ) of S. polyrhiza plants harvested weekly from 
10% Hoagland solution containing various concentrations of 
Cd(II). Net primary production was affected by both time 
and treatment. 
Statistical analysis of NFF over time wibliin treatment 
showed NPP of control plants increased 14-5% from week 0 
through week 3, where it remained statistically unchanged 
through week 4. Plants exposed to 0.04 jug Cd/ml increased 
152% in NEP by week 4. Plants exposed to 1.03 MS Cd/ml 
increased 209% in NPP by week 4. Plants exposed to 
7.53 /ig Cd/ml, however, did not increase significantly in 
NPP from week 2 through week 4. In general, NPP of control 
2 'I Table 33. KPP (g dry vrt/m ) of Spirodela polyrMza plants harvested weekly from 
10% Hoagland solution containing various concentrations of Cd(II) 
Concentration of 
Cd(II) in solution 
(jug Cd/ml) 1 
Growth period (weeks) 
2 3 4 TPP 
0 
±0 
1.2751 C 
±0.1025 
a 
2,7279 c 
±0.2132 
b 
3.1211 0 
±0.0561 
c 
3.4270 C 
±0.1472 
c 
10.5511 
0.04 
±0.01 
1.2539 C 
±0.0973 
a 
1.8515 A 
±0.2081 
b 
2.6429 B 
±0.1845 
c 
5.1557 B 
±0.1678 
d 
8.9040 
1.03 
±0.04 
1.0277 B 
±0.0564 
a 
2.2875 B 
±0.1514 
b 
2.7590 B 
±0.1640 
b 
3.1758 B 
±0.1838 
c 
9.2500 
7.63 
±1.85 
-0.0806 A 
±0.0462 
a 
2.9388 C 
±0.2327 
be 
2.2795 A 
±0.1971 
b 
2.5746 A 
±0.2819 
b 
7.7123 
r -0.9990** 0.6630$ -0.8268$ -0.9527* -0.8154$ 
Each value is the mean of three replications with standard deviation. 
Means followed by the same csipital letter within a column or the same lower-case 
letter within a row are not statistically different at the 0.05 level as deter­
mined by Iiuncan's Multiple Range Test. 
*2 < 0.05. 
ÎNot significant at the 0.05 level. 
**2 < 0.01. 
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plants and treated plants (except those exposed to 
7.63 Aig Cd/ml) increased over time. 
Statistical analysis of NPP among treatments within 
weeks showed significant reductions at week 1 in plants 
exposed to 1,05 or 7.6$ /ig Cd/ml. During week 2, KPP of 
plants exposed to 0.04 or 1.03 jug Cd/ml was lower than 
controls, but NPP of plants exposed to 7.63 jmg Cd/ml was 
statistically equivalent to controls. During weeks 3 and 4-, 
increasing Cd(II) treatments were associated with decreasing 
BPP. In general, NPP among treatments within weeks decreased 
with increasing Cd(II) treatments (except at week 2). 
Regression analyses at week 1 showed a direct, negative 
linear correlation provided the best fit to solution Cd(II) 
concentrations. During weeks 2 and 3, however, NPP was 
not significantly related to solution Cd(II) concentra­
tions. By week 4, NPP was again negatively related to 
solution Cd(II) concentrations. 
Total primary production (the sum of weekly NPP over 
4 weeks) showed plants treated with 0.04 ;ug Cd/ml decreased 
16% compared to controls- The TPP of plants exposed to 
1.03 and 7.63;ag Cd/ml decreased 12 and 27%, respectively. 
Ths TPP of plants after 4 weeks was not si^ ificantly 
correlated to concentrations of Cd(II) in solution. 
100 
0^% Hoagland solution Table 34- presents NPP 
p (g dry vrt/m ) of S, polyrblza plants harvested weekly from 
50% Hoagland solution containing various concentrations of 
Cd(II). Net primary production was affected "by both time 
and treatment. 
Statistical analysis of NPP over time within treatment 
showed HPP of controls increased 7527% by week 3. From 
week 3 to week 4-, NPP decreased 4-5%. Plants exposed to 
0.02 jug Cd/ml showed a similar trend, with an increase of 
3885% by week 3 and then a decrease of 44-% from week 3 to 
week 4-, Plants exposed to 1.0 jag Cd/ml increased 8787% 
by week 3 and thereafter decreased over 100%. Plants 
exposed to 9.14- jug Cd/ml increased 2776% by week 3 and 
decreased over 100% from week 3 to week 4-. In general, NPP 
increased over time through week 3, followed by decreases 
from week 3 to week 4-, 
Statistical analysis of NPP among treatments within 
weeks showed decreases in NPP with increasing concentrations 
of Cd(II) in solution except during week 1 where NPP of 
plants exposed to 9.14 jug Cd/ml was about 100% greater than 
controls. Regression analyses of NPP with increasing 
concentrations of Cd(II) in solution during week 1 showed a 
positive linear correlation provided the best fit. During 
week 2, however, there was a significant, negative linear 
2 ^  Table $4. NPP (g dry wt/m ) of Spirodela polyrhiza plants harvested weeklv from 
50% Hoagland solution containing various concentrations of Cd(II) 
Concentration of 
Cd(II) in solution 
(jug Gd/ml) 1 
Growth period (weeks) 
2 5 4 TPP 
0 
±0 
0.2366. A 
±0.0140 
a 
10,4725 B 
±1,2076 
b 
18.0612 C 
±1.4262 
c 
9.9329 B 
±0.9131 
b 
38.7032 
0.02 
±0.01 
0.2509 A 
±0.0211 
a 
10.0812 B 
±0.8438 
c 
10.0237 A 
±0.9161 
c 
5.6171 B 
±0.4520 
b 
25.9729 
1 . 0  
±0.02 
0.2003; A 
±0.0127 
a 
11.0458 B 
±1.0535 
b 
17.8705c 
±1.8629 
c 
-0.9046 A 
±0.1417 
a 
28.2120 
9.14 
±0.52 
0.4771 B 
±0.0196 
a 
6.3780 A 
±0.9310 
b 
13.7220 B 
±1.2170 
c 
-0.5266 A 
±0.0262 
a 
20.0505 
r 0.9629* -0.9589* -0.1591$ -0.5994* -0.7248$ 
Each value is the mean of three replications with standard deviation. 
Means followed by the same capital letter within a column or the same lower-case 
letter within a row are not statistically different at the O.O5 level as deter­
mined by Duncan's Multiple Range Test. 
£ < 0.05. 
ÏNot significant at the 0,05 level. 
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correlation between NPP and increasing solution Cd(II). 
During weeks 3 and 4, correlation coefficients were below 
the 0.05 level of significance. In general, analysis of NPP 
among treatments within weeks showed decreasing NPP with 
increasing Cd(II) treatments (except during week 1). 
Total primary production at the end of 4 weeks 
decreased 35% in plants exposed to 0,02 /ig Cd/ml. 
Decreases in TPP of plants exposed to 1.0 and 9-1^  jmg Cd/ml 
were 27 and 48%, respectively. Regression analyses showed 
TPP was not significantly correlated to concentrations of 
Cd(II) in solution. 
2 Number of fronds/m 
10% Hoagland solution Table 35 presents the number 
of fronds/m of S. polyrhiza plants prior to weekly harvests 
from 10% Hoagland solution containing various concentrations 
. o 
of Cd(li;. The number of fronds/m^  was affected by both 
time and treatment. 
2 Statistical analysis of the number of fronds/m over 
2 time within treatments showed the number of fronds/m of 
control plants increased 108% by week 1. Prom week 1 
p 
through week 4, the number of fronds/m increased 31%. In 
P plants exposed to 0.04 ;ag Cd/ml, the number of fronds/m 
increased 102% from week 0 to week 1. From week 1 through 
2^ Table 35. Number of fronds/m of Spirodela polyrhiza plants prior to weekly 
harvests from 10% Hoagiand solution containing various concentra­
tions of Cd(II) 
Concentration of 
Cd(lT) in solution 
Oug Cd/ml) 0 
Growth period (weeks) 
12 3 4 
0 7067 A 14688 C 16088 C 17411 C 19190 C 
10 ±0 ±930 ±729 ±737 ±955 
a b c c d 
0.04- 7067 A 14299 C 12873 B 14646 B 17112 B 
±0.01 ±0 ±213 ±179 ±315 ±272 
a c b c d 
1.03 7067 A 11425B 12092 A 13393 A 15488 A 
+0.04 ±0 ±163 ±271 ±296 ±392 
a b c d e 
7.63 7067 A 7008 A 14219 C 15454 B 17233 B 
±1.85 +0 ±73 ±202 ±256 ±417 
a a b c d 
r 
-0.9573* 0.0648$ -0.0100$ -0.1200$ 
4 
Each value is the mean of three replications with standard deviation. Means 
followed by the same capital letter within a column or the same lower-case letter 
within a row are not statistically different at the 0.05 level as determined by 
Duncan's Multiple Eange Test. 
*£ < 0.05. 
ÏNot significant at the 0.05 level. 
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2 
week 4-, the nimber of fronds/m increased 20%. The number 
p 
of fronds/m of plants exposed to 1.05 MS Cd/ml increased 
only 62% from week 0 to week 1. Prom week 1 through week 4-, 
p 
the number of fronds/m increased 36%, Plants exposed to 
2 7.63 MS Cd/ml did not increase in number of fronds/m from 
week 0 to week 1. An increase of 103% was observed, 
however, from week 1 to week 2. The number of fronds/m 
increased 21% from week 2 through week 4-. In general, the 
number of fronds/m of control plants and treatment plants 
increased over time. 
2 Statistical analysis of the number of fronds/m among 
treatments within weeks showed a significant reduction 
(22%) in plants exposed to 1.03 Aig Cd/ml by week 1. The 
p 
number of fronds/m of plants exposed to 7«63 jug Cd/ml was 
reduced by 52% (by week 1) compared to controls. During 
week 2, the number of fronds/m of plants exposed to 
0.04 ;ug Cd/ml was reduced in number by 20%. Plants 
exposed to 1.03 jug Cd/ml had a 25% reduction in the number 
p p 
of fronds/m . The number of fronds/m of plants exposed 
to 7.63 jug Cd/ml was statistically equivalent to that of 
control plants during week 1. During weeks 3 and 4, the 
number of fronds/m^  decreased with increased Cd(ll) treat­
ments up through a concentration of 1.03 jug Cd/ml. The 
number of fronds/m of plants exposed to 0.04 jig Cd/ml was 
reduced by 16 and 11% by weeks 3 and 4, respectively. The 
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2 
nimber of fronds/m of plants exposed to 1.03 and 
7.63 jUg Cd/ml decreased by about 20 and 11% by weeks 3 and 
4, respectively. In general, analysis of the number of 
fronds/m among treatments within weeks showed decreases 
in fronds with increasing Cd(ll) treatments up through 
1.03 jag Cd/ml. Regression analyses of the number of 
p 
fronds/m with increasing concentrations of Cd(II) showed 
a linear model provided the best fit during week 1. From 
week 2 through week 4, linear correlation coefficients were 
below the acceptable level of significance (0.05 level). 
Therefore, increases in concentrations of Cd(II) in solution 
from 0.04 to 7.63 Aig Cd/ml would not be expected to directly 
affect frond production after 1 week. 
50% Hoagland solution Table 36 presents the number 
of fronds/m of S. polyrhiza plants prior to weekly harvests 
from 50% Hoagland solution containing various concentrations 
p 
of Cd(II). The number of fronds/m was affected by both 
time and treatment. 
2 Statistical analysis of the number of fronds/m over 
time within treatment showed control plants had the greatest 
p 
number of fronds/m at week 3 (an increase of 387% from 
p 
week 0), From week 3 to week 4, the number of fronds/m" 
decreased 17%. Plants exposed to 0.02 ;ag Cd/ml showed 
o 
the same trend and similar number of fronds/m*". The number 
2^ Table 36.. Number of fronds/m of Spirodela polyrMza plants prior to weekly 
harvests from 50% Hoagland solution containing various concentra­
tions of Cd(II) 
Concentration of 
Cd(II) in solution 
(jug Cd/ml) 0 1 
Growth period (weeks) 
2 5 4 
0 
±0 
7067 A 
±0 
a 
8434 A 
±54 
b 
17197 c 
1540 
c 
54394 C 
±679 
e 
28586 C 
±447 
d 
0.02 
±0.01 
7067 A 
±0 
a 
3716 AB 
±409 
a 
16455 BC 
±1442 
b 
52909 BC 
±2885 
d 
28055 C 
±2959 
c 
1.0 
±0.02 
7067 A 
±0 
a 
8763 AB 
±1436 
a 
15585B 
±688 
b 
51166 B 
±1576 
c 
15556B 
±1441 
b 
9.14 
±0.52 
7067 A 
±0 
a 
9977 B 
±587 
b 
11990 A 
±159 
c 
25981 A 
±519 
d 
10789 A 
±178 
c 
r 0.9957** -0.9799* -0.9799* -0.8017$ 
I Each value is the mean of three replications with standard deviation. 
Means followed by the same capital letter within a column or the same lower­
case letter within a row are not statistically different at the 0.05 level as 
determined by Duncan's Multiple Range Test. 
*2 < 0.05. 
$Not significant at the 0.05 level. 
•*£ < 0.01. 
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2 of fronds/m of plants exposed to 1.0 ;ug Cd/ml increased 
5^ 1% "by week 3, followed by a decrease of 51% from week 5 
to week 4-. The number of fronds/m of plants exposed to 
9.14 jag Cd/ml increased 2'^ 9% by week 3. From week 3 to 
week 4-, there was a decrease of 55%. In general, analysis 
of the nimber of fronds/m over time within controls or 
treatments showed increases through week 3 followed by a 
decrease at week 4. Cadmium(II) treatments were presumed 
to be associated with decreased number of fronds/m since 
controls decreased by very small amounts compared to plants 
exposed to the greater Cd(II) treatments. 
Statistical analysis of the number of fronds/m among 
treatments within weeks showed an increase of 18% by plants 
exposed to 9.14 jug Cd/ml during week 1. During week 2, 
plants exposed to 1.0 jug Cd/ml were reduced in number of 
p p 
fronds/m by 9%. The number of fronds/m of plants 
exposed to 9.14 jug Cd/ml were 30% fewer than controls. This 
trend also was observed during week 3 with identical 
reductions in the number of fronds/m . During week 4, 
however, plants exposed to 1.0 jug Cd/ml had 46% fewer 
fronds/m than controls. Fronds of plants exposed to 
9.14 jug Cd/ml were 62% fewer in number than week 0. In 
general, analysis of the number of fronds/m among 
treatments within week 1 showed increases in fronds with 
108 
increasing Cd(II) treatments. During week 2 through week 4-, 
however, fronds decreased in number with increasing Cd(II) 
treatments. Regression analyses of the number of fronds/m 
with increasing concentrations of Cd(II) during week 1 
showed a positive linear relationship (significant at the 
0.01 level) provided the best fit. During weeks 2 and 3, 
there was a negative linear relationship between 
p 
number of fronds/m and increasing concentrations of Cd(II) 
in solution (also significant at the 0.01 level). During 
week 4-, the negative correlation coefficient was below the 
statistical level of acceptance (0.05 level). Increases 
in concentrations of Cd(II) in solution from 0.02 to 
9.14-jug Cd/ml would thus be expected to directly affect the 
number of fronds/m from week 1 through week 3. Additional 
exposure time would not result in significant changes in 
the number of fronds/m . 
Net frond production 
10% Hoagland solution Table 37 presents NFP 
p (fronds/m ) of S. polyrhiza plants harvested weekly from 
10% Hoagland solution containing various concentrations of 
Gd(II). Net frond production was affected by both 
time and treatment. 
Statistical analysis of NFP over time within treatments 
showed NFP of control plants increased 130% from week 1 to 
2 'I Table 57.. NîT* (fronds/m ) of Spirodela polyrhlza plants harvested weekly from 
10% Hoagland solution containing various concentrations of Cd(II) 
Concentration of 
Gd(II) in solution 
(jag Gd/ml) 1 
Growth period (weeks) 
2 5 4 
TFP 
0 
±0 
7621 C 
±68 
a 
17488 C 
±717 
"b 
18754 G 
±808 
c 
20969 G 
±851 
d 
64812 
0.04 
±0.01 
7252 C 
±5:5 
a 
11447 A 
±151 
"b 
16419 B 
±510 
c 
19578B 
±798 
d 
54676 
1.05 
±0.04 
4558 B 
±57 
a 
12759 B 
±264 
b 
14694 A 
±585 
c 
17535 A 
±44-2 
d 
49594 
7.65 
±1.85 
-59 A 
±G 
a 
21450 D 
±1050 
d 
16689 B 
±44-2 
b 
19012 B 
±620 
c 
57072 
r 
-0.9575* 0.7915$ -0.0872$ -0.2482$ -0.0412$ 
•1 
Each value is the mean of three replications with standard deviation. 
We£ins followed hy the same capital letter within a column or the same lower-case 
letter within a row are not statistically different at the 0.05 level as deter­
mined by Duncan's Multiple Range Test. 
*2 < 0.05. 
ÏNot significant at the 0.05 level. 
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week 2. From week 2 through week 4-, there were increases 
of only about 10% each week. In plants exposed to 
0.04 Aig Cd/ml, NFP increased 58% from week 1 to week 2. 
From week 2 through week 4-, NPP increased 71%. Plants 
exposed to 1.03 Axg Cd/ml increased in NPP 193% from week 1 
to week 2. Prom week 2 through week 4, NPP increased 
38%. Plants exposed to 7.63 Mg Cd/ml showed a large 
increase in NPP from week 1 to week 2. Prom week 2 
through week 4, there was an 11% decrease in NPP. In 
general, control plants and treated plants increased in NPP 
through week 4, with the exception of plants exposed to 
7.63/Ug Cd/ml. These plants decreased in NPP. 
Statistical analysis of NPP among treatments within 
weeks showed NPP of plants exposed to Cd(II) treatments were 
generally below controls. In general, an analysis of changes 
among treatments within weeks showed decreases in NPP with 
increasing Cd(II) treatments (except during week 2). 
Regression analyses of NPP with increasing Cd(II) 
treatments showed a negative linear correlation only during 
week 1. A positive correlation coefficient during week 2 
and negative coefficients during weeks 3 and 4 were not 
signifieant at the O.O5 level. 
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The TFP after 4- weeks was reduced by 16% (compared to 
controls) in plants exposed to 0.04 /ig Cd/ml. Plants 
exposed to 1.03 /ig Cd/ml had 24% fewer fronds. Plants 
exposed to 7-65 ^g Cd/ml had 12% lower TFP than did 
controls. Regression analyses showed no significant 
correlations between TFP and Cd(II) treatments after 4 
weeks, 
50% Hoagland solution Table 38 presents NFP 
p (fronds/m ) of plants harvested weekly from 50% Hoagland 
solution containing various concentrations of Cd(II). 
Frond production was affected by both time and 
treatment. 
Statistical analysis of NFP by S. polyrhiza control 
plants showed an increase of 3574% from week 1 through 
week 3. From week 3 to week 4, there was a 57% decrease 
in NFP. The NFP of plants exposed to 0.02 ;ug Cd/ml 
increased 2894% from week 1 through week 3» From week 3 
to week 4, NFP decreased 53%. This trend also was 
observed in plants exposed to 1.0 Aig Cd/ml except during 
week 4 where there was a decrease of greater than 100%. 
The NFP of plants exposed to 9.14 Cd/ml increased 1136% 
from week 1 through week 3. From week 5 to week 4, there 
was a decrease of greater than 100%. In general, control 
plants and treated plants increased in NFP from week 1 
through week 3 and then decreased. 
2 ^  Table 38. ]MFP (fronds/m ) of Spirodela polyrhiza plants harvested weekly from 
50% Hoagland solution containing various concentrations of Cd(II) 
Concentration of 
Cd(IT) in solution 
Cug Cd/ml) 1 
Growth period (weeks) 
2 3 4 
TPP 
0 
±0' 
1367 A 
±21 
a 
25960 D 
±354 
c 
51591 c 
±2158 
d 
22378 c 
±466 
b 
101296 
0.02 
±0.01 
1649 B 
±18 
a 
24194 C 
±357 
c 
49363 C 
±1096 
d 
23157 D 
±382 
b 
98363 
1.0 
±0.02 
1696 B 
±26 
b 
22403 B 
±308 
c 
46749 B 
±1218 
d 
-494 B 
±22 
a 
70354 
9.14 
10.52 
2910 C 
±34 
b 
14003 A 
±894 
c 
35972 A 
±2036 
d 
-2403 A 
±26 
a 
50482 
r 0.9857* -0.9816* -0.9799* -0.7008$ -0.8732$ 
-1 
Each value is the mean of three replications with standard deviation. 
Means followed by the same capital letter within a column or the same lower-case 
letter within a row are not statistically different at the O.O5 level as deter­
mined by Duncan's Multiple Range Test. 
*2. < 0.05. 
ÏNot significant at the 0.05 level. 
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Statistical analysis of NFP among treatments within 
week 1 showed plants exposed to 0.02 or 0.04 ;ag Cd/ml 
increased about 20%. Plants exposed to 9.14- jiig Cd/ml 
showed an increase of 113% compared to controls. During 
week 2, plants exposed to Gd(II) treatments all showed 
decreases in NFP. This trend also was seen at weeks 3 and 
4-, with greatest decreases occurring in plants exposed to 
9.14-;Lig Cd/ml. In general, analysis of NPP among treatments 
within weeks showed decreasing frond production with 
increasing Cd(II) treatments (except during week 1). 
Regression analyses of NPP with increasing concentrations 
of solution Cd(II) showed direct linear relationships 
provided the best fit during weeks 1, 2, and 3. The 
negative linear correlation observed during week 4- was below 
statistical levels of significance. 
The TPP after 4- weeks showed a 3% decrease in plants 
exposed to 0.02 ;ag Cd/ml. Plants exposed to 1.0 jug Cd/ml 
showed a 31% decrease. Plants e3q)osed to 9.14- jug Cd/ml 
showed a 50% decrease. Linear regression coefficients of 
TPP provided the best fit, but were below statistical 
levels of acceptance (0.05 level). 
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Effects of Cd(II) on Ceratophyllum demersum L. 
Concentrations of Cd(II) in tissue 
10% Hoasland solution Table 39 presents concentra­
tions of Cd(II) Oug Cd/g dry wt) in C. demersum plants 
harvested weekly from 10% Hoagland solution containing 
various concentrations of Cd(II). Tissue Cd(II) was 
observed to be affected by both time and treatment. 
There was no detectable Cd(II) in control plants 
during the 5-week treatment period. Statistical analysis 
of tissue Cd(II) over time within treatments showed tissue 
Cd(II) in plants exposed to 0.01 ;ug Cd/ml increased from 
week 1 to greatest amounts at week 3. Significant changes 
were not observed after week 3- Greatest concentrations of 
Cd(II) in plants exposed to 0.04 jug Cd/ml occurred at week 1, 
followed by a decrease of 92% from week 1 through week 5« 
Concentrations of Cd(II) in plants exposed to 1.03 ;ug Cd/ml 
was greatest at week 1. Cadmium(II) concentrations in 
tissue then decreased 97% from week 1 through week 5-
In general, tissue Cd(II) in plants exposed to the lowest 
Cd(II) treatment increased through week 3. Plants exposed 
to greater Cd(II) concentrations, however, contained 
greatest tissue Cd(II) during week 1 and thereafter 
decreased, reaching a plateau at week 3 through week 5. 
Table 39- Concentrations of Cd(II) Oag Cd/g dry wt) in Ceratophyllum demersum 
plants harvested weekly from 10% Hoagland solution containing various 
concentrations of Cd(II) 
Concentration of 
Cd(II) in solution 
(jug Gd/ml) 0 1 
Growth period (weeks) 
2 3 4 5 
0 0 A 0 A 0 A 0 A 0 A 0 A 
±0 ±0 ±0 ±0 ±0 ±0 ±0 
a a a a a a 
0.01 0 A 0.13 A 0.68 A 1.28 A 1.21 B 1.23 A 
±0.00 ±0 ±0.13 ±0.14 ±0.29 ±0.08 ±0.56 
a a b c c c 
0.04 0 A 18.06 A 6.89 A 0.99 A 1.22 B 1.40 A 
±0.01 ±0 ±2.31 ±1.31 ±0.12 ±0.16 ±0.44 
a c b a a a 
1.03 0 A 521.72 B 227.75 B 13.60 B 14.41 C 14.55B 
±0.04 ±0 ±169.37 ±52.64 ±1.64 ±0.62 ±2.11 
a c b a a a 
r 0.9999** 0.9999** 0.9973** 0.9978** 0.9976** 
Each value is the meaji of three replications with standard deviation. 
Means followed "by the same capital letter within a column or the same lower­
case letter within a row are not statistically different at the 0.05 level as 
determined "by Duncan's Multiple Range Test. 
**£< 0.01. 
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The fact that tissue Cd(II) in healthy plants (as 
indicated by dry weight and tissue phosphorus) exposed to 
the lowest Cd(II) treatment increased over time through week 
5 and plants exposed to greater Cd(II) treatments displayed 
signs of increasing stress and decreases in tissue Cd(II) 
over time (after an initial high during week 1), suggests 
that Cd(II) was being released by _C. demersum as a result 
of physiological damage of the higher Cd(II) treatments 
rather than the release of Cd(II) by healthy plants as was 
suggested by Mayes (1975). 
Statistical analysis of tissue Cd(II) concentrations 
among treatments within weeks showed no significant dif­
ferences except in plants exposed to 1.03 MS Cd/ml. This 
trend was followed through week 5- During week 4-, however, 
concentrations of Cd(II) in plants exposed to 0.01 or 
0.04 ;ug Cd/ml also were significantly greater than 
controls. Concentrations of Cd(II) in plants exposed 
to 1.05 ;ug Cd/ml were significantly greater than in 
plants exposed to other Cd(II) treatments during weeks 
4- and 5- In general, tissue Cd(II) concentrations among 
treatments within weeks increased with increasing Cd(II) 
treatments. Regression analyses of tissue Cd(II) concentra­
tions with increasing Cd(II) treatments showed a linear 
model provided the best fit with positive correlation 
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coefficients, significant at the 0,01 level, during each of 
the 5 weekly harvests. Cowgill (1973) reported concentra­
tions of Cd(II) of 9.1 vUg Cd/g dry wt in C. demersum from a 
pond which had no detectable concentrations of Cd(II) in 
the water. From the present study, the tissue Cd(II) value 
nearest to that found by Cowgill (1973) occurred in plants 
exposed to 0.04 jug Cd/ml for 1 to 2 weeks. This suggests 
possible inadequacies of a periodic water analysis for 
detection of Cd(II) pollution. It further suggests the 
possibility of using an aquatic vascular plant to indicate 
Cd(II) pollution in water. 
30% Hoagland solution C. demersum grown in 50% 
Hoagland solution and exposed to Cd(II) treatments did 
not survive more than 1 week. Plant tissue remaining at 
that time could not be harvested in sufficient quantity for 
tissue analysis. 
Cd(II) CPs in tissue 
10% Hoagland solution Table 4-0 presents Cd(II) CPs 
of C. demersum plants harvested weekly from 10% Hoagland 
solution containing various concentrations of Cd(II). 
Tissue Cd(II) CPs were affected by both time and treatment. 
Statistical analysis of CPs over time within treatments 
showed CPs in plants exposed to 0.01 Mg Cd/ml increased 858% 
through week 3, where they remained relatively unchanged 
Table 4-0. Cd(II) CPs of Cersitophyllum demersum plants harvested weekly from 10% 
Hoagiand solution containing various concentrations of Cd(Il; 
Concentration of 
Cd(II) in solution 
(jag Cd/'ml) 1 
Growth period (weeks) 
2 3 
1 
4- 5 
0.01 13.3 A 68.0 A 127.7 B 121.3 B 122.8 B 
±0.00 ±12.6 ±14-.0 ±28.8 ±7.6 ±55.9 
a b c c c 
0.04- 4-51 B 172.3 B 24-.7 A 30.6 A 35.1 A 
±0.01 ±57.7 ±32.8 ±3.1 ±4-.1 ±10.9 
c b a a a 
1.03 506.5B 221.1 B 13.2 A 14-.0 A 14-.1 A 
±0.04 ±164.4 ±51.1 ±1.6 ±0.6 ±2.0 
c b a a a 
r 0.6065$ 0.7621Ï -0.5976$ 0.6395$ -0.6682$ 
1 Each value is the mean of three replications with standard deviation. Means 
followed hy the same capital letter within a column or the same lower-case letter 
withiji a row are not statistically different at the 0.05 level as determined by 
Duncein' s Multiple Range Test. 
ÏNot significant at the 0.05 level. 
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through week 5- Plants exposed, to 0.04 /ig Cd./ml had. the 
highest OF at week 1 and. thereafter decreased 95% to week 5, 
where they remained relatively unchanged through week 5* 
Plants exposed to 1.03 Jug Cd/ml followed the same pattern, 
with a 97% decrease at week 3, followed hy no further 
significant changes. In general, CFs of plants exposed to 
0.01 /ig Cd/ml did not concentrate additional Cd(II) after 
3 weeks. Plants exposed to 0.04 or 1.03 ju-g Cd/ml did not 
concentrate additional Cd(II) after 1 week. 
Statistical analysis of CFs among treatments within 
weeks showed CFs in plants exposed to 0.04 or 1.03 P-S Cd/ml 
during week 1 were significantly different from control 
plants. Cadmium(II) CFs also followed this trend during 
week 2. From week 3 through week 5, however, only CFs of 
tissue exposed to the 0.01 /ig Cd/ml were significantly 
different from controls. Regression analyses showed 
positive linear correlations provided the best fit between 
CFs and concentrations of Cd(II) in solution, but correlation 
coefficients were slightly below the 0.05 level of 
significance durings weeks 1 and 2 and well below this 
level from week 3 through week 5» 
Hayes (1975) provided estimates on CFs of Cd(II) in 
C. demersum based on his tissue Cd(II) determinations and 
concentrations of Cd(ll) in water found by Peyton (1974, 
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as cited in Mayes (1975)). These CP values ranged from 
1,000 to 15,000. The greatest CP from the present study, 
presented in Table 26, was 505.52. The reliability of 
Mayes' (1975) estimates of CPs are questionable since they 
were calculated from tissue and water values taken in 
different years. 
Concentrations of P m tissue 
10% Hoagland solution Table 4-1 presents concentra­
tions of P (ms P/s dry wt) in C. demersum plants harvested 
weekly from 10% Hoagland solution containing various 
concentrations of Cd(II). Tissue P concentrations were 
affected by both time and treatment. 
Statistical analysis of tissue P over time within 
treatments showed concentrations of P in control plants 
increased 178% from week 0 through week 3. Prom week 3 
through week 5» tissue P concentrations decreased 35%* la 
plants exposed to 0.01 ;ag Cd/ml, concentrations of P 
increased 255% from week 0 through week 3- Tissue P 
decreased 19% from week 3 through week 5. Concentrations 
of P in plants exposed to 0.04 jug Cd/ml increased 133% 
from week 0 through week 3, followed by a 21% decrease 
through week 5« Goncentrations of P in plante exposed to 
1.03 -Ug Cd/ml increased 110% from week 0 through week 3. 
Tissue P did not change significantly from week 3 through 
/I 
Table 41, Concentrations of P (/ig P/g dry wt) in Ceratopbyllim demersum plants 
harvested weekly from 10% Hoagland solution containing various concen­
trations of GdClI) 
Concentration of 
Cd(II) in solution 
(jug Cd/ml) 0 1 
Growth period (weeks) 
2 5 4 5 
0 
to 
9082 A 
±255 
a 
9706 B 
±626 
a 
17872 B 
±5228 
b 
25255 B 
±1560 
d 
20667 B 
±529 
c 
16471 A 
±1040 
b 
0.01 
±0.00 
9167 A 
±251 
a 
15455c 
±727 
b 
25151 c 
±2267 
c 
52501 c 
±1821 
f 
29159 G 
±1294 
e 
26205 B 
±805 
d 
0.04 
±0.01 
9155 A 
±120 
a 
15775 G 
±568 
b 
18565 B 
±455 
c 
21290 A 
±559 
d 
18579 AB 
±961 
c 
16915 A 
±880 
b 
O
O
 
•
 
•
 
9057 A 
±156 
a 
7418 A 
±458 
a 
15157 A 
±1078 
b 
18954 A 
±2258 
c 
18108 A 
±2015 
c 
17989 A 
±1125 
c 
r -0.7285$ -0.8251* -0.6577$ -0.4605* -0.2121* 
/I 
Each value is the mean of three replications with standard deviation. Means 
followed "by the same capital letter within a column or the same lower-case letter 
within a row are not statistically different at the 0.05 level as determined by 
Duncan's Multiple Range Test. 
$Not significant at the 0.05 level. 
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week 5- In general, analysis of tissue P over time showed 
the greatest concentrations of P occurred during week 3 in 
control plants and treatment plants. From week 3 through 
week tissue P decreased, with the exception of plants 
exposed to 1.03 MS Cd/ml. This trend indicates that plant 
vigor did not continue to increase past week 3> perhaps 
due to senescence. 
Statistical analysis of tissue P concentrations among 
treatments within weeks, in general, showed decreases in 
tissue P with increasing Cd(II) treatment. An exception 
to this trend was plants exposed to 0.01 /ig Cd/ml whose 
tissue P remained above controls and other Cd(II)-treated 
plants. A stimulatory effect on tissue P was probably 
related to the 0.01 /ig Cd/ml treatment. Regression 
analyses of tissue P concentrations with increasing 
concentrations of Cd(II) in solution showed 
negative correlations during weeks 1 through 5 which were 
best explained by a linear model. The correlation 
coefficients, however, were not significant at the 0.05 
level. Therefore, changes in tissue P concentrations 
would not be expected to be associated with increased 
concentrations of Cd(II) from 0.01 to 1.03 Cd/ml. 
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Tissue dry weights 
10% Hoagland solution Table 4-2 presents dry 
p 
weights (g/m ) of _C. demersum plants harvested weekly from 
10% Hoagland solution containing various concentrations of 
Cd(II), Tissue dry weights were affected by both time and 
treatment. 
Statistical analysis of tissue dry weights among weeks 
within control plants showed increases of 36 and 20% at 
weeks 1 and 2, respectively. Prom week 2 through week 4 
there were no significant changes. Prom week 4 to week 5, 
a 26% decrease occurred. Plants exposed to 0.01 jug Cd/ml 
showed increases of 42 and 15% in dry weights at weeks 1 
and 2, respectively. No changes occurred from week 2 
through week 4. Dry weights decreased 55% from week 4 to 
week 5« Plants exposed to 0.04 ;ug Cd/ml followed a 
similar trend, except dry weights decreased 18% from week 3 
through week 5* Dry weights of plants exposed to 
1.03 MS Cd/ml increased about 15% from week 0 to week 1 
and thereafter decreased 62% through week 5» In general, 
analysis of dry weights over time within treatments showed 
increases to occur during weeks 1 or 2 followed by decreases 
to week 0 levels or below. 
Statistical analysis of dry weights among treatments 
within weeks indicated only plants exposed to 1.03 Aig Cd/ml 
p 1 
Table 42. Dry weights (g/m ) of Ceratophyllum demersinn plants harvested weekly 
from 10% Hoagland solution containing various concentrations of Cd(II) 
Concentration of 
Cd(II) in solution 
(jug Cd/ml) 0 1 
Growth period (weeks) 
2 3 4 5 
0 
±0 
9.4258 A 
±2.1134 
a 
12.8285 A 
±0.6221 
b 
15.4017B 
±0.8389 
c 
15.6562 B 
±1.2348 
c 
15.3923 B 
±1.0934 
c 
11.3392B 
±1.2913 
ab 
0.01 
±0.00 
11.1240 A 
±2.0671 
a 
15.8497 B 
±1.0717 
b 
18.3027 C 
±1.6195 
c 
19.3149c 
±2.1435 
c 
18.4218 B 
±3.3938 
c 
11.9081 B 
±1.4121 
a 
0.04 
±0.01 
12.3415 A 
±2.8663 
a 
16.7458 B 
±0.2002 
be 
17.8469 C 
±0.1430 
d 
17.4465C 
±0.9152 
cd 
15-5874 B 
±1.5730 
b 
14.3004 B 
±2.8121 
ab 
1.03 
±0.04 
11.5237 A 
+2.1781 
d 
13.1564A 
±1.4278 
e 
10.4120 A 
±1.0424 
d 
8.O6I7A 
±0.7145 
c 
6.5271 A 
±0.5212 
b 
5.0565 A 
±0.1183 
a 
r -0.4852$ -0.9286$ 
-0.9503* -0.9648* -0.9342$ 
Each value is the mean of three replications with standard deviation. Means 
followed by the same capital letter within a column or the same lower-case letter 
within a row are not statistically different at the 0.05 level as determined by 
Duncan's Multiple Range Test. 
*£< 0.05. 
tNot significant at the 0.05 level. 
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decreased significantly in dry weights. Plants exposed to 
0.01 or 0.04;ug Cd/ml had significantly greater dry weights 
than controls, except during weeks 4 and 5* Regression 
analyses of dry weights with increasing Cd(II) treatments 
indicated a negative linear correlation provided the best 
fit for relationships from week 1 through week 5, but these 
were statistically significant (0.05 level) only during 
weeks 5 and 4. 
Net primary production 
10% Hoagland solution Table 4-3 presents NPP (g/m^ ) 
of G, demersum plants harvested weekly from 10% Hoagland 
solution containing various concentrations of Cd(II). Net 
primary production was affected by both time and treatment. 
Statistical analysis of NPP of control plants over time 
showed an increase of 430% by week 2. Net primary 
production then decreased 50% through week 5» Similâx-
changes occurred in plants exposed to 0.01 or 0.04 jug Cd/ml. 
Net primary production of plants exposed to 1.03 /ig Cd/ml 
was observed to increase 370% by week 2, followed by a 
decrease of 53% through week 5- In general, analysis of 
NPP over time showed control and treated plants increased 
greatly from week 1 to week 2 and thereafter decreased 
through week 5-
? 4 Table A-3. KPP (g/m ) of Ce3?atoph:^ lli3m demersTim plants harvested weekly from 10% 
Hoagland solution containing variousconcentrations of Cd(Il; 
Concentration of Growth period (weeks) 
Gd(lCI) in solution 
(jag Cd/ml) 12345 TPP 
0
0
 
3.402? B 
±1.4913 
a 
17.9749 B 
±1.0557 
d 
15.9107 B 
±1.6307 
cd 
15.1284B 
±0.9520 
c 
7.2861 C 
±1.4892 
b 
59.7028 
0.01 
±0.00 
4.7257 B 
±0.9954 
a 
20.7557 B 
±2.1673 
b 
20.3271 0 
±2.6675 
b 
17.52870 
±4.6441 
b 
5.3944 B 
±0.5696 
a 
68.7316 
0.04 
±0.01 
4.4043 B 
±2.6661 
a 
18.9480 B 
±0.0858 
c 
17.0461 B 
±1.6874 
c 
13.7283 B 
±2.2308 
b 
13.0134D 
±4.0512 
b 
67.1401 
1.03 
±0.04 
1.6327 A 
±0.7503 
a 
7.6676 A 
±0.6570 
d 
5.7114 A 
±0.3866 
c 
4.9925 A 
±0.3279 
b 
3.5859 A 
±0.2846 
a 
23.5901 
r -0.9070$ -0.9797* -0.9547* -0.9632* -0.5855* -0.9785* 
/I 
Each value is the mean of three replications with standard deviation. Means 
followed by the same capital letter within a column or the same lower-case letter 
witJiin a row are not statistically different at the 0.05 level as determined by 
Duncan's Multiple Range Test. 
*£ < 0.05. 
tuot significant at the O.O5 level. 
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Statistical analysis of NPP among treatments within 
weeks 1 and 2 showed greater than 50% decreases in plants 
exposed to 1.03 wg Cd/ml. Even greater decreases occurred 
during weeks 3 and 4. At week 5, the decrease was 51%. 
There appeared to be a stimulation in ITPP of plants exposed 
to 0'.01 jug Cd/ml during weeks 3 and 4. An apparent 
stimulation also was observed during week 5 of plants 
exposed to 0.04 ;ug Cd/ml. In general, analysis of KPP among 
treatments within weeks indicated decreases in UPP with 
increasing Cd(II) treatments through week 4. Regression 
analyses showed significant negative linear correlations 
provided the best fit between NPP and increasing Cd(II) 
treatments during weeks 2, 3, and 4. Correlation 
coefficients at other weeks were below the 0.05 level of 
significance. 
Total primary production of plants exposed to 
Û.Û1 /ig Cd/ml for 5 weeks increased '15% over that of 
controls. Total primary production of plants exposed to 
0.04 /ig Cd/ml were 12% greater than controls. Plants 
exposed to 1.03/ig Cd/ml showed a decrease in TPP of 61%. 
A linear regression provided a negative correlation 
coefficient significant at the 0.05 level. 
Stem lengths 
10% Hoagland solution Table 44 presents stem 
lengths of C. demersum plants harvested weekly from 
Table 44. Stem lengths of Cerato:phyllum demersxim plants harvested weekly from 10% 
Hoagland solution containing various concentrations of Cd(II) 
Concentration of 
Cd(II) in solution 
(jug Cd/ml) 0 1 
Growth period (weeks) 
2 3 4 5 
0 10.0 A 13.6 C 16.3 C 16.6 C 16.3 C 12.0 B 
±0 ±0.0 ±0.7 ±0.9 ±1.3 ±1.2 ±1.4 
a b c c c b 
0.01 10.0 A 13.3 C 15.4 C 16.2 C 1 5 . 5 c  10.2 A 
±0.00 ±0.0 ±0.9 ±1.4 ±1.8 ±2.9 ±1.1 
a b b b b a 
0.04 10.0 A 11.7 B 12.5 B 12.2B 10.9 B 10.1 A 
±0.01 ±0.0 ±0.1 ±0.1 ±0.6 ±1.1 ±0.9 
a b c c ab a 
1.03 10.0 A 11.1 A 10.3 A 10.1 A 10.0 A 10.0 A 
±0.04 ±0.0 ±1.2 ±0.8 ±0.6 ±0.4 ±0.5 
a a a a a a 
r -0.9999** -0.9955** -0.9917** -0.9813* -0.4231$ 
«1 
Each value is the mean of three replications with standard deviation. Means 
followed "by the same capital letter within a column or the same lower-case letter 
within a row are not statistically different at the 0.05 level as determined "by 
Dunc;an's Multiple Range Test. 
*2 < 0.05. 
ÏNot significant at the 0.05 level. 
**2 < 0.01. 
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10% Hoagland solution containing various concentrations of 
Cd(ll). Stem lengths were affected by both time and 
treatment. 
Statistical analysis of stem lengths of control plants 
over time showed increases of about 60% from week 0 
through week 4. From week 4 to week 5» lengths decreased 
26%. Stem lengths of plants exposed to 0.01 ;uig Cd/ml 
increased 62% by week From week 5 through week 5» 
lengths decreased 57%. Plants were dying during week 5, 
Stem lengths of plants exposed to 0.04 ;ag Cd/ml increased 
25% from week 0 to week 2. From week 2 through week 5» 
lengths decreased 19%. Plants were dying during week 5-
Plants exposed to 1.03 jug Cd/ml were chlorotic and appeared 
to be near-dead from week 1 through week 5- In general, 
stem lengths increased over time through week 2 or week 3 
and then decreased to near week 0 lengths. Exceptions to 
this trend were plants exposed to 1.03 /ig Cd/ml, which 
showed no significant changes in stem lengths throughout 
the test period. 
Statistical analysis of stem lengths among treatments 
within weeks showed a 14% reduction in stem length during 
week 1 of plants exposed to 0.04jug Cd/ml. Plants were 
dying after 1 week when exposed to 1.03 MS Cd/ml. At week 
2, stem lengths of plants exposed to 0,04 ;ug Cd/ml decreased 
150 
24%. Stem lengths of plants exposed to 0.04 ug Cd/ml 
decreased 27% "by week 3- During week 4, stem lengths of 
plants exposed to 0.04 jug Cd/ml decreased 33%. At week 5» 
plants exposed to 0.01, 0.04, or 1.03 jug Cd/ml were near-
dead. In general, analysis of lengths among treatments 
within weeks showed decreases in lengths with increasing 
Cd(II) treatments. Regression analyses showed negative 
linear correlations provided the best fit between changes 
in lengths and increasing Cd(II) treatments. However, 
correlation coefficients were below the 0.05 level of 
significance at week 5» 
Number of lateral shoots 
10% Hoagland solution Table 45 presents the number 
of lateral shoots on C. demersum plants (lateral shoots/ 
plant) harvested weekly from 10% Hoagland solution containing 
VCULXUU.O V/U J_ C*. t/J-V-/XJ. >::> SJA. J m XI LLliiLV J. OXi.W W V KJSJl\jLS^ 
was affected by both time and treatment. 
Statistical analysis of the number of shoots/plant 
over time within treatments showed the number of shoots on 
control plants increased from week 1 to week 2 and 
thereafter did not change significantly. The number of 
shoots on plants exposed to 0.01 jug Cd/ml did not change 
significantly after week 3- Plants exposed to 0.04 and 
y\ 
Table 4-5. îTinober of lateral shoots on Ceratophyll^  demersum plants (lateral 
shoots/plant) harvested weekly from 10% Hoagland solution containing 
various concentrations of Cd(II) 
Concentration of 
Cd(]II) in solution 
(jug Cd/ml) 0 1 
Growth period (weeks) 
2 3 4 5 
0 0 A 0 A 2.5 B 2.5 B 5.0 B 4.0 B 
±0 ±0 ±0 ±0.6 ±0.6 ±1.7 ±1.7 
a a b b b b 
0.01 0 A. 0 A 2.0 B 5.0 B 3.0 B 5.5 B 
±0.00 ±0 ±0 ±1.0 ±0.0 ±0.0 ±0.6 
a a b c c c 
0.04 0 A 0 A 0.3 A 0.5 A 0.3 A 0 . 5  A 
±0.01 ±0 ±0 ±0.6 ±0.6 ±0.6 ±0.6 
a a a a a a 
1.05 0 A 0 A 0 A 0 A 0 A 0 A 
±0.04 ±0 ±0 ±0 ±0 ±0 ±0 
a a a a a a 
r -0.7547$ -0.7505$ -0.7367$ -0.7201$ 
Each value is the mean of three replications with standard deviation. Means 
followed by the same capital letter within a column or the same lower-case letter 
within a row are not statistically different at the 0.05 level as determined by 
Duncan's Multiple Range Test.. 
$Not significant at the 0.05 level 
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1.03 Aig Cd/ml did not change significantly over time and 
statistically produced no shoots. 
Statistical analysis of number of shoots among 
treatments within weeks showed only plants exposed to 
0.04 or 1.05 P-S Cd/ml were affected and produced no shoots. 
Regression analyses indicated a negative linear correlation 
provided the best fit between number of shoots and 
increasing Cd(II) treatments. These negative linear 
correlation coefficients, however, were not statistically 
significant at the 0.05 level of significance. 
Lateral shoot lengths 
10% Hoagland solution Table 46 presents lateral 
shoot lengths of G. demersum plants harvested weekly from 
10% Hoagland solution containing various concentrations 
of Cd(ll). Shoot lengths were affected by both time and 
treatment. 
Statistical analysis of lateral shoot lengths over 
time showed no significant changes after week 2 in 
controls or plants treated with 0.01 ;ug Cd/ml. Plants 
exposed to 0.04 or 1.03 <Mg Cd/ml did not change signifi­
cantly from week 0 values. 
Statistical analysis of lateral shoot lengths among 
treatments within weeks showed slight decreases occurred 
Tel)le 4-6. Lateral shoot lengths of Ceratophyllimi demersum plants harvested 
weekly from 10% Hoagland solution containing various concentrations 
of Gd(II) 
Concentration of 
Cd(II) in solution 
(jug Cd/ml) 0 1 
Growth period (weeks) 
2 5 4 5 
0 0 A 0 A 2.4 B 2.6 B 2.7 C 2.9 C 
io ±0 ±0 ±0.2 ±0.2 ±0.5 ±0.4 
a a b b b b 
0.01 0 A 0 A 2.2 B 2.3 B 2.5 BC 2.4 BC 
10.00 ±0 ±0 ±0.6 ±0.5 ±0.2 ±0.2 
a a b b b b 
0.04 0 A 0 A 0.9 AB 1.0 AB 0.9 AB 1.0 AB 
±0.01 ±0 ±0 ±1.6 ±1.7 ±1.6 ±1.7 
a a a a a a 
1.05 0 A 0 A 0 A 0 A 0 A 0 A 
±0.04 ±0 ±0 ±0 ±0 ±0 ±0 
a a a a a a 
r -0.8765$ -0.8825Ï -0.8571$ -0.8609$ 
Each value is the mean of three replications with standard deviation. 
Means followed by the same capital letter within a column or the same lower-case 
letter within a row are not statistically different at the 0.05 level as deter­
mined by Duncan's Multiple Range Test. 
ïlTot significant at the 0.05 level. 
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in plants exposed to 0.01 Mg Cd/ml during weeks 4 and 5-
Slight decreases also were observed in plants exposed to 
0.04 jug Cd/ml after 2 weeks. No shoots were produced by 
plants exposed to 1.03 MS Cd/ml. Regression analyses of 
lateral shoot lengths with increasing Cd(II) treatments 
indicated negative linear correlations provided the best 
fit during weeks 2, 3, 4, and 5. These negative linear 
correlation coefficients, however, were not statistically 
significant at the 0.05 level. 
Effects of CdClI) on liyriophyllum spicatum L. 
var. exalbescens (Pernald) Jepson 
Concentrations of Cd(II) in tissue 
10% Hoagland solution Table 47 presents concentra­
tions of Cd(II) in M. spicatum plants harvested from 10% 
Hoagland solution containing various concentrations of 
Cd(II), Tissue Cd(II) concentrations were affected by both 
time and treatment. 
Concentrations of Cd(II) in control plants were below 
detectable limits throughout the growth period. Statistical 
analysis of tissue Cd(II) over time within treatments showed 
plants exposed to 0.04 /ig Cd/ml increased 126% from week 1 
to week 2. Concentrations of Cd(II) in plants exposed to 
1.03 jmg Cd/ml increased 36% from week 1 to week 2. Plants 
Table 4-7. Concentrations of Cd(II) (jug Cd/g dry wt) in Myriophyllim spicatum 
plants harvested weekly from 10% Hoagland solution containing 
various concentrations of Cd(II) 
Concentration of 
Cd(II) in solution 
(jag Gd/ml) 0 1 2 
0 0 A 0 A 0 A 
±0 ±0 ±0 ±0 
a a a 
0.04 0 A 25.59 A 57.43 A 
±0.01 ±0 ±7.79 ±4.36 
a b c 
1.03 0 A 137.61 B 186.83 B 
±0.04 ±0 ±13.13 ±5.54 
a b c 
7.65 0 A 243.89 C 269.66 B 
±1.85 ±0 ±36.20 ±75.01 
a b b 
r 0.9074$ 0.8429$ 
/I 
Each value is the mean of three replications with standard deviation. 
Means followed by the same capital letter within a column or the same lower-case 
letter within a row are not statistically different at the 0.05 level as deter­
mined by Duncan's Multiple Range Test. 
$Not significant at the 0.05 level. 
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exposed to 7.63 Mg Cd/ml, however, showed no significant 
increase in concentrations of Cd(II) from week 1 to week 2. 
Statistical analysis of tissue Cd(II) concentrations 
among treatments within weeks showed significant Cd(II) 
uptake after 1 week only by plants exposed to 1.03 or 
7.63 jug Cd/ml. During week 2, significant amounts of 
Cd(II) were taken up in plants exposed to 1.03 Aig Cd/ml, 
but no additional uptake was observed in plants exposed 
to 7.63 ms Cd/ml. Regression analyses of tissue Cd(II) 
with increasing concentrations of Cd(II) in solution showed 
a linear model provided the best fit, but linear regression 
coefficients were below the 0.05 level of significance. 
Increases in concentrations of Cd(II) in solution from 
0.04 to 7.63 /ig Cd/ml, therefore, would not be expected to 
result in linear changes in tissue Cd(II) concentrations. 
Tissue Cd(II) concentrations in this experiment are 
similar to those found by Kneip and Hirshfield (1975) in 
Myriophyllum plants exposed to a discharge from a nickel-
cadmium battery plant (5 to 200 jag Cd/g dry wt). 
Cd(II) CFs in tissue 
10% Hoagland solution Table 4-8 presents Cd(II) CFs 
of M, spicatum plants harvested weekly from 10% Hoagland 
solution containing various concentrations of Cd(II). 
Tissue Gd(II) CFs were affected by both time and treatment. 
/I 
Table 48,. Cd(II) CPs of Kyriophy 1 lim spicatrum plants harvested weekly from 
10% Hoagland solution containing various concentrations of Cd(II) 
Concentration of 
Cd(II) in solution 
(Aig Cd/ml) 
Growth period (weeks) 
1 2 
0.04- 635.1 G 1436.2C 
±0.01 ±195.1 ±109.3 
a b 
1.03 134.3 B 181.5 B 
+0.04 ±12.7 ±5.4 
a b 
7.63 32,4 A 35.1 A 
±1.85 ±4.7 ±9.8 
a a 
r -0.7191$ -0.6734$ 
Each value is the mejui of three replications with standard deviation. 
Means followed by the same capital letter within a column or the same lower­
case letter within a row an?e not statistically different at the 0,05 level as 
determined by Duncan's Multiple Range Test. 
$Not significant at the 0,05 level. 
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Statistical analysis of Cd(II) CFs over time within 
treatments showed CFs in plants exposed to 0.04 ;ag Cd/ml 
increased 126% from week 1 to week 2. Plants exposed to 
1,05 jug Cd/ml showed an increase of only 36% from week 1 
to week 2. Cadmiiim(II) CFs of plants exposed to 
7.63 MS Cd/ml did not change significantly from week 1 to 
week 2. 
Statistical analysis of CFs among treatments within 
weeks showed significant decreases during week 1 in plants 
exposed to 0.04, 1.03, or 7.63 ;ag Cd/ml. A similar trend 
was observed during week 2. This indicates M. spicatum 
absorbed Cd(II) more efficiently at low Cd(II) concentra­
tions in solution than at higher ones. Regression analyses 
showed a negative linear correlation provided the best fit 
between tissue Cd(II) CFs and increasing concentrations of 
Cd(II) in solution. Correlation coefficients, however, 
were below the 0,05 level of significance. 
Concentrations of P m tissue 
10% Hoagland solution Table 4-9 presents concentra­
tions of P Oug P/g dry wt) in M. spicatum plants harvested 
weekly from 10% Hoagland solution containing various 
concentrations of Cd(II). Tissue P concentrations were 
affected by both time and treatment. 
y| 
Tatle 4-9. Concentrations of P (Mg P/g dry wt) in I^ yriophylltUD. spicatum plants 
harvested weekly from 10% Hoagland solution containing various con­
centrations of Cd(II) 
Concentration of 
Cd(II) in solution 
(Aig Cd/ml) 0 
Growth period (weeks) 
1 2 
0 7497 A 7428 B 11270 B 
10 ±607 ±1174 ±290 
a a h 
0.04 7534 A 5744 B 13196 B 
±0.01 ±445 ±281 ±4708 
a a a 
1.03 7590 A 5963 B 8536 AB 
±0.04 ±142 ±27 ±1002 
a a a 
7.63 7545 A 2467 A 2181 A 
±1.85 ±259 ±772 ±238 
b a a 
r 
-0.9877* -0.9561* 
Each value is the mean of three replications with standard deviation. 
Mesins followed hy the same capital letter within a column or the same lower-case 
letter within a row are not statistically different at the 0.05 level as deter­
mined by Duncan's Multiple Hange Test. 
*2 < 0.05. 
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Statistical analysis of tissue P over time within 
treatments showed concentrations of P in control plants 
increased 50% from week 0 through week 2. Concentrations 
of P in plants exposed to 0.04 or 1.03 MS Cd/ml levels did 
not increase significantly over time. Concentrations of P 
in plants exposed to 7-65 ju.g Cd/ml, however, decreased 71% 
from week 0 through week 2. In general, tissue P concen­
trations in controls increased over time. Tissue P 
concentrations in plants exposed to 0.04 or 1.03 jag Cd/ml 
did not change. Concentrations of P in plants exposed to 
7.63jug Cd/ml decreased over time. 
Statistical analysis of tissue P concentrations among 
treatments within weeks showed no changes in concentrations 
of P during week 1 except in plants exposed to y,63 MS Cd/ml. 
Likewise, during week 2 a significant decrease in tissue P 
was observed onlv in -niants exmosed to 7.63 ue Cd/ml. This 
indicates a significant stress had been placed on plants 
exposed to this Cd(II) treatment. Regression analyses 
showed decreases in tissue P concentrations were directly 
related to increasing concentrations of Cd(II) in solution 
ranging from 0.04 to 7.63 Mg Cd/ml. A linear regression 
provided the best fit and correlation coefficients 
significant at the 0.05 level. 
14-1 
Stem dry weights 
10% Hoagland solution Table 50 presents stem dry 
p 
weights (g/m ) of M. spicatum plants harvested weekly from 
10% Hoagland solution containing various concentrations of 
Cd(II). Tissue dry weights were affected by both time and 
treatment. 
Statistical analysis of dry weights over time within 
treatments showed dry weights of control plants increased 
53% from week 0 through week 2. Dry weights of plants 
exposed to 0.04 or 1.03 Aig Cd/ml increased 66% from week 0 
through week 2, A decrease of 19% occurred from week 0 
through week 2 in plants exposed to 7.63;ug Cd/ml. In 
general, dry weights increased over time and were very 
similar in both controls and treated plants, with the 
exception of plants exposed to 7-65 jug Cd/ml. 
Statistical analysis of stem dry weights among 
treatments within weeks showed a 30% decrease in weights 
of plants exposed to 7.63;ug Cd/ml during week 1. At 
week 2, dry weights also decreased in plants escposed to 
7.63jug Cd/ml. In general, dry weights among treatments 
within weeks decreased significantly only in plants exposed 
to 7.63 jug Cd/ml. Regression analyses showed decreases in 
p 
stem tissue dry weights (g/m ) were directly related to 
increasing concentrations of Cd(II) in solution. A linear 
model provided the best fit for this relationship. 
p 1 Table 50- Stem dry weights (g/m ) of ftyriophy 1 lum spicatum plants harvested 
weekly from 10% Hoagland solution containing various concentrations 
of Cd(II) 
Concentration of 
Cd(II) in solution 
Oug Cd/ml) 0 
Growth period (weeks) 
1 2 
0 1.5667 A 1.9907 B 2.5561 B 
±0 ±0.5607 ±0.4-540 ±0.3399 
a ah b 
0.04 1.44-57 A 1.9669 B 2.3980 B 
±0.01 ±0.1561 ±0.2889 ±0.6447 
a ah b 
1.05 1.5782 A 1.8600 AB 2.6I7I B 
±0.04- ±0.5318 ±0.4653 ±0.3845 
a ah b 
7.65 1.6016 A 1.3839 A 1.2964 A 
±1.85 ±0.4-053 ±0.0831 ±0.3890 
a a a 
r 
-0.9972** -0.9671* 
1 Each value is the mean of three replications with standard deviation. Means 
followed by the same capital letter within a column or the same lower-case letter 
witliin a row are not statistically different at the 0.05 level as determined by 
Duncan's Multiple Range Test.. 
*2< 0.05. 
•»2 < 0.01. 
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Net primary production 
10% Hoagland solution Table 51 presents NPP of 
M. spicatum plants harvested weekly from 10% Hoagland 
solution containing various concentrations of Cd(II). Net 
primary production was affected by both time and treatment. 
Statistical analysis of NPP over time within treatments 
showed control plants increased 581% from week 1 to week 2. 
The NPP of plants exposed to 0.04 jug Cd/ml increased 417% 
from week 1 to week 2. The NPP of plants exposed to 
1.03 /ig Cd/ml increased over 980%. Net primary production 
of plants exposed to 7.63 ;u.g Cd/ml followed this same trend 
and increased an estimated 600% from week 1 to week 2. In 
general, analysis of NPP over time showed a trend of 
increase from week 1 to week 2 in both control and treated 
plants. 
Statistical analysis of NPP among treatments within 
weeks indicated reductions occurred in plants exposed to 
1.03 or 7.63yUg Cd/ml during week 1. During week 2 only 
plants exposed to 7*63 jug Cd/ml decreased in NPP. Regression 
analyses indicated significant negative linear correlations 
between NPP and increasing Cd(II) treatments occurred 
during week 1. 
Total primary production after 2 weeks showed only the 
plants exposed to 7-63 MS Cd/ml were significantly lower 
p /) 
Table 5"^ . HPP (g dry wt/m ) of Hyriophyllum spicatum plants harvested weekly 
from '10% Hoagland solution containing various concentrations of Cd(ll) 
Concentration of 
Cd(II) in solution 
(jag Cd/ml) 
Growth period 
1 
(weeks 
2 
TPP 
0 0.4797 c 3.2654 B 3.7451 B 
io ±0.1020 ±0.7834 ±0.4618 
a b b 
0.04 0.5698 C 2.9465 B 3.5163 B 
±0.01 ±0.1342 ±0.6337 ±0.6141 
a b b 
1.03 0.3216 B 3.4722 B 3.7938 B 
±0.04 ±0.1164 ±0.5121 ±0.7226 
a b b 
7.63 -0.2177 A 1.2088 A 0.9911 A 
±1.85 ±0.1518 ±0.4081 ±0.1135 
a b a 
r -0.9834* -0.9484* -0.9805* 
>1 
Each value is the mean of three replications with standard deviation. Means 
followed "by the same capital letter within a column or the same lower-case letter 
within a row are not statistically different at the 0.05 level as determined by 
Duncan's Multiple Range Test.. 
*2 < 0.05. 
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than controls (74%). Linear regression analysis showed TPP 
after 2 weeks was directly related to increasing concentra­
tions of Cd(II) in solution. 
Stem lengths 
10% Hoagland solution Table 52 presents stem lengths 
of M. spicatum plants harvested from 10% Hoagland solution 
containing various concentrations of Cd(II). Stem lengths 
were affected by both time and treatment. 
Statistical analysis of control plants over time showed 
stem lengths increased 139% from week 0 through week 2. 
Stem lengths of plants exposed to 0.04 or 1.03 Aig Cd/ml 
increased about 70% from week 0 through week 2. Stem 
lengths of plants exposed to 7.63-Ug Cd/ml did not change 
from week 0. In general, stem lengths of control plants 
and treated plants (except those exposed to 7»53 ;ug Cd/ml) 
increased over time. 
Statistical analysis of stem lengths among treatments 
within weeks showed no significant differences until week 2. 
At week 2, stem lengths of plants exposed to 0.04 or 
1.03 JU-S Cd/ml decreased about 27%. Stem lengths decreased 
58% by week 2 when exposed to 7=63 ;is Cd/ml. Regression 
analyses showed decreases in stem lengths at week 1 to be 
directly related to increasing Solution Cd(II) concentrations 
1 Table 52« Stem lengths of Myriophyllum spicatum plants harvested from 10% 
Hoagland solution containing various concentrations of Cd(II) 
Concentration of 
Cd(II) in solution 
Oug Cd/ml) 0 
Growth period (weeks) 
1 2 
0 7.0 A 10.5 A 16.7 C 
±0 ±0.0 ±5.6 ±1.5 
a a b 
0.04 7.0 A 9.9 A 12.2 B 
±0.01 ±0.0 ±2.6 ±5.7 
a ab b 
1.05 7.0 A 9.2  A 11.9 B 
±0.04 ±0.0 ±2.2 ±5.4 
a ab b 
7.65 7.0 A 7.0 A 7.0 A 
±1.85 ±0.0 ±0.1 ±0.5 
a a a 
r -0.9810* -0.8670Ï 
/i 
Each value is the mesm of three replications with standard deviation. 
Means followed by the same capital letter within a column or the same lower­
case letter within a row aie not statistically different at the 0.05 level as 
determined by Duncan's Multiple Range Test. 
*2 < 0.05. 
ÏNot significant at the 0.05 level. 
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(0.05 level). A linear model provided the best fit for this 
relationship. The linear correlation coefficient at week 2, 
however, was below the 0.05 level of significance. Decreases 
in stem lengths (4-5%) were greater than decreases in stem 
weights (4-0%) (Table 50). This is in contrast to information 
reported by Stanley (197^ ) which indicated stem weights were 
more sensitive than stem lengths to Cd(II) treatments. 
Root dry weights 
10% Hoagland solution Table 55 presents root dry 
weights of M. spicatum plants harvested weekly from 10% 
Hoagland solution containing various concentrations of 
Cd(II). Root dry weights were affected by both time and 
treatment. 
Statistical analysis of control plants over time 
showed root dry weights increased 79% from week 1 to 
week 2. Root dry weights of plants exposed to 0.04- and 
1.03 ;iig Cd/ml increased 7^ 1 and 75%, respectively, from 
week 1 to week 2. There were no roots on plants exposed 
to 7.65<ug Cd/ml. This lack of roots on plants exposed 
to 7.63 MS Cd/ml tends to support the work of Stanley (1974) 
wherein he reported roots to be more sensitive to Gd(II) 
than were shoots. 
Statistical analysis of root dry weights among treat­
ments within weeks showed no significant changes except in 
A 
Table 53- Root dry weights cf Plyriophyllum spicatum plants harvested weekly from 
10% Hoagland solution containing various concentrations of Cd(II) 
Concentration of 
Cd(II) in solution 
(jig Cd/ml) 0 
Growth period (weeks) 
1 2 
0 0 A 0.0557 B 0.0998 B 
±0 ±0 ±0.0200 ±0.0194 
a b c 
0.04 0 A 0.0485 AB 0.0830 B 
±0.01 ±0 ±0.0519 ±0.0249 
a ab b 
1.05 0 A 0.0398 AB 0.0689 B 
±0.04 ±0 ±0.0268 ±0.0424 
a ab b 
7.65 0 A 0 A 0 A 
±1.85 ±0 ±0 ±0 
a a a 
r -0.9880* -0.9635* 
1 Each value is the mean of three replications with standard deviation. Means 
followed "by the same capital letter within a column or the same lower-case letter 
withj.n a row are not statistically different at the 0.05 level as determined by 
Duncîin's Multiple Range Test. 
*2 < 0.05. 
é 
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plants exposed to 7»63 <Ug Cd/ml, which produced no roots. 
Regression analyses showed a linear model provided the best 
fit for decreases in root dry weight in relation to increases 
in solution Cd(II) concentrations ranging from 0.04 to 
7.55 jug Cd/ml. Correlation coefficients were significant 
at the 0.05 level. 
Number of roots 
10% Hoagland solution Table 54 presents the number 
of roots per M. spicatum plant harvested weekly from 10% 
Hoagland solution containing various concentrations of 
Cd(II). The number of roots were affected by both time and 
treatment. 
Statistical analysis of number of roots over time 
within treatments showed the number of roots per plant on 
control plants increased 80% from week 1 to week 2. The 
number of roots on plants exposed to 0.04 and 1.03 MS Cd/ml 
increased 100 and 134%, respectively, from week 1 to week 2. 
Plants exposed to 7.65 ju-g Cd/ml produced no roots. 
Statistical analysis of number of roots produced among 
treatments within weeks showed no significant differences 
except in plants exposed to 7-63/ig Cd/ml, which produced 
no roots. Regression analyses showed the number of roots 
decreased in direct relation to increasing solution Cd(II) 
Table 5^ . Number of roots per f^ yriophy 1 lum spicatum plant harvested weekly from 
10% Hoagland solution containing various concentrations of Cd(II) 
Concentration of 
Cd(II) in solution 
(jig Cd/ml) 0 
Growth period (weeks) 
1 2 
0 0 A 3.8 B 6.8 B 
io ±0 ±2.7 ±1.6 
a b c 
0.04 0 A 2.9 AB 5.8 B 
±0.01 ±0 ±2.1 ±3.2 
a ab b 
1.03 0 A 2.9 AB 6.8 B 
±0.04 ±0 ±2.4 ±3.7 
a ab b 
7.65 0 A 0 A 0 A 
±1.85 ±0 ±0 ±0 
a a a 
r -0.9732* -0.9721* 
Each value is the mean of three replications with standard deviation. Means 
followed by the same capital letter within a column or the same lower-case letter 
within a row are not statistically different at the 0.05 level as determined by 
Duncan's Multiple Range Test. 
*2 < 0.05. 
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concentrations ranging from 0.04 to 7.6$ /ig Cd/ml. A linear 
model provided the best fit for this relationship and 
correlation coefficients are presented in Table 54. 
Comparative Uptake and Growth Characteristics Among Taxa 
Concentrations of Cd(II) in plants 
10% Hoagland solution Table 55 presents the greatest 
concentrations of Cd(II) (Mg Cd/g dry wt) in plants harvested 
weekly from 10% Hoagland solution containing various concen­
trations of Cd(II). Regression analyses indicated a linear 
model provided the best fit between increasing concentrations 
of Cd(II) in plants and increasing Cd(II) treatments. The 
early weeks in which these concentrations occurred indicate 
a very rapid uptake of Cd(II) from the 10% Hoagland solution, 
and as seen in earlier tables, most of this Cd(II) was 
released in later weeks. Greatest concentrations of Cd(II) 
in plants and the week in which they occurred, rather than 
means over the growth period, are presented because it would 
be environmentally useful to have information on the 
maximum amounts of Cd(II) these plants can accumulate. 
50% Hoagland solution Table 56 presents the greatest 
concentrations of Cd(II) (;ag Cd/g dry wt) in plants harvested 
weekly from 50% Hoagland solution containing various concen­
trations of Cd(II). Regression analyses indicated a linear 
Table 55« Greatest concentrations of Cd(II) (iig Cd/g dry wt)^  in plants harvested 
weekly from 10% Hoagland solution containing various concentrations of 
Gd(II) 
Concentration 
of Cd(II) in 
solution 
(^ g Cd/ml) Azolla Salvinia 
Plant Species 
Spirodela Ceratophyllum Myriophyllum 
0.01 0.6667(3) 0.8812(2) t 1.2767(3) t 
±0.00 ±0.1320 ±0.2409 ±0.2875 
0.04 18.5100(2) 1.1938(2) 1.7547(1) 18.0556(1) 57.4291(2) 
±0.01 ±3.6729 ±0.3110 ±0.5348 ±2.3081 ±4.3633 
1.03 475.3633(2) 353.7267(2) 15.3033(1) 521.7167(1) 186.8251(2) 
±0.04 ±49.2736 ±69.9953 ±2.4595 ±169.3711 ±5.5377 
7.63 t t 6754.2667(1) t 269.6647(2) 
±1.85 ±2813.4538 ±75.0115 
r 1.0000** 0.9997** 0.9930** 1.0000** 0.8632$ 
Each value is the mean of three replications with standard deviation followed 
by the week (in parentheses) in which value occurred. 
N^o data. 
$Not significant at the 0.05 level. 
**£ < 0.01. 
I 
/] 
Table 55. Greatest concentrations of Cd(II) (jug Cd/g dry wt) in plants harvested 
weekly from 50% Hoagland solution containing various concentrations of 
Gd(II) 
Concentration of 
Cd(II) in solution 
(jug Cd/ml) Azolla 
Plant Species 
Salvinia Spirodela 
0.02 0.6441(5) 1.0732(4) 0.3952(4) 
+0.01 ±0.1172 ±0.2244 ±0.0240 
1.0 2.3400(3) 5.3990(3) 6.8533(4) 
+0.02 +0.7436 ±0.3663 ±1.0380 
9.14 45.6467(3) 55.7867(4) 415.7667(1) 
+0.52 ±7.6230 ±5.1815 ±23.1949 
r 0.9978** 0.9996** 0.9964** 
/I 
Each value is the mean of three replications with standard deviation 
followed by the week (in parentheses) in which value occurred. 
**2 < 0.01. 
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model provided the best fit between greatest concentrations 
of Cd(II) in plants and increasing concentrations of Cd(II) 
in solution. Concentrations of Cd(II) were much lower in 
these plants than in plants grown in 10% Hoagland solution. 
The greatest concentrations reported in Table 56 generally-
occurred in the latter weeks of the growth period, indicating 
much slower uptake, and did not decrease over time. 
Correlations of Cd(II) in plants with Cd(II) in solution 
10% Hoagland solution Regression analyses of 
concentrations of Cd(II) in plants with increasing concentra­
tions of Cd(II) in solution showed a linear model provided 
the best fit and thereby the simplest predictive model. 
Weekly regression analysis showed all plants, with the 
exceptions of Azolla at week 4- and Myriophyllum at weeks 1 
and 2, had positive linear correlation coefficients above 
the 0.01 level of significance. 
50% Hoagland solution Positive linear regression 
coefficients of plants grown in 50% Hoagland solution also 
were highly significant. These positive linear relationships 
indicate that, although tissue Cd(II) concentrations were 
relatively low in plants grown in 50% Hoagland solution as 
compared to 10% Hoagland solution, most of the species tested 
will respond to increasing concentrations of Cd(II) in 
solution with increasing concentrations of Cd(II) in tissue. 
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This trend of linear correlations between concentrations 
of Cd(II) in either nutrient solution and concentrations of 
Cd(II) in plant tissues is in agreement with correlations 
found by Sutton and Blackburn (197^ ) between copper in 
solution and in Hydrilla verticillata tissues. Dietz (1972), 
on the other hand, found concentrations of copper and several 
other metals in plant tissues to be independent of those 
elements in solution. Mayes (1975) reported an apparent 
relationship between solution Cd(II) and tissue Cd(II) in 
Ceratophyllum. He called for an accurate correlation 
between Cd(II) concentrations in water and in Ceratophyllum 
to establish this plant as a useful biological indicator 
of Cd(ll) pollution. 
In the present study, the prediction equation used in 
calculating the linear correlation coefficients does indeed 
indicate very strong relationships between concentrations 
of Cd(ll) in most of the plants studied and that in solution. 
This strong relationship will enable one to use these plants 
as "detectors" of Cd(II) pollution in certain waters, 
although Cd(II) may not be detectable in the water from 
periodic sampling. 
Cd(II) CPs in plants 
10% Hoagland solution Table 57 presents the greatest 
CPs of Cd(ll) in plants harvested weekly from 10% Hoagland 
Table 57» Greatest CFs^  of G(i(II) in plants harvested, weekly from 10% Hoagland 
solution containing various concentrations of Cd(II) 
Concentration of 
Cd(I%) in solution 
(ms Cd/ml) Azolla Salvinia 
Plant Species 
Spirodela Ceratophyllum M^ riophyllum 
0.01 66.7(3) 88.1(2) t 127.7(3) t 
±0.00 ±13.2 ±24.1 ±28.8 
0.04 462.8(2) 29.9(2) 43.9(1) 451.4(1) 1436.1(2) 
±0.01 ±91.8 ±7.8 ±13.4 ±57.7 ±109.1 
1.03 461.5(2) 543.1(2) 14.9(1) 506.5(1) 181.2(2) 
±0.04 ±47.8 ±68.0 ±2.4 ±164.4 ±5.4 
7.65 t t 885.2(1) t 35.3(2) 
±1.85 ±368.7 ±9.8 
Each value is the mean of three replications with standard deviation followed 
"by the week (in parentheses) :Ln which value occurred. 
N^o data. 
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solution containing various concentrations of Cd(II). 
Greatest CFs occurred in the early weeks of treatment. This 
indicates that the efficiency with which Cd(II) was taken 
up in early weeks was lost in later weeks. This could be 
due to metabolic stress or a natural release mechanism. 
Another trend observed in Table 57 is one of greater CPs 
occurring in plants exposed to the higher Cd(II) treatments. 
Myriophyllum was an exception to this trend and was observed 
to have greater CPs in plants exposed to the lower Cd(II) 
concentrations. 
50% Hoagland solution Table 58 presents greatest 
CPs of Cd(II) in plants harvested weekly from 50% Hoagland 
solution containing various concentrations of Cd(II). The 
greatest CPs occurred in later weeks of treatment, with the 
exception of Spirodela which had the greatest CP in week 1. 
Another trend was greatest CPs which occurred in plants 
exposed to the lowest Cd(II) concentration, with the 
exception of Spirodela. These two trends are in contrast 
to those observed in plants grown in 10% Hoagland solution. 
In general, the CPs indicate (1) the aquatic vascular 
plants in this study are quite efficient at concentrating 
Cd(II) when exposed to concentrations of Cd(II) in solution 
well below 1.0 jug Cd/ml, (2) CPs of plants grown in 10% 
Hoagland solution were much greater and occurred earlier 
Table 58. Greatest CPs of 01(11) in plants harvested weekly from 50% Hoagland 
solution containing various concentrations of Cd(II) 
Concentration of 
Cd(II) in solution 
(ug Cd/ml) Azolla 
Plant Species 
Salvinia Spirodela 
0.02 32.2(5) 53.7(4) 19.8(4) 
±0.01 ±5.9 ±11.2 ±1.2 
1.0 2.3(3) 5.4(3) 6.9(4) 
±0.02 ±0.7 ±0.4 ±1.0 
9.14 5.1(3) 6.1(4) 45.5(1) 
±0.52 ±0.8 ±0.6 ±2.5 
/I 
Each value is the mean of three replications with standard deviation followed 
"by the week (in parentheses) in which value occurred. 
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than plants grown in 50% Hoagland solution, and (5) greatest 
CFs occurred at higher Cd(II) treatments in 10% Hoagland 
solution while greatest CFs occurred in plants exposed to 
the lowest Cd(II) treatments in 50% Hoagland solution. 
Net primary productivity 
10% Hoagland solution Table 59 presents npp of 
plants harvested weekly from 10% Hoagland solution 
containing various concentrations of Cd(II), Net primary 
productivity of Salvinia, Ceratophyllum, and Myriophyllum 
decreased 4-9, 61, and 72% when exposed to 1.03, 1.0), and 
7.63 jug Cd/ml, respectively. Net primary productivity of 
Azolla and Spirodela was observed to be least affected by 
increasing Gd(II) treatments (decreases of 10 and 27% when 
exposed to 1.03 and 7.63 /ig Cd/ml, respectively). 
Regression analyses showed a linear model provided the best 
fit between increasing concentrations of Cd(II) in solution 
and decreasing concentrations of Cd(II) in plants. Only 
Ceratophyllum and Myriophyllum, however, had significant 
correlation coefficients (0.05 level). 
50% Hoagland solution Table 60 presents npp of 
plants harvested weekly from 50% Hoagland solution 
containing various concentrations of Cd(II). The npp of 
Azolla and Spirodela decreased I5 and 48%, respectively, 
when exposed to 9*^ 4 ;ug Cd/ml. The npp of Salvinia decreased 
2 4 Table 59. Net primary productivity (g dry wt/m /da) of plants harvested weekly 
from 10% Hoagland solution containing various concentrations of CdClI) 
Concentration of 
Cd(II) in solution 
(;ag Gd/ml) Azolla Salvinia 
Plant Species 
Spirodela Ceratophyllum Myriophyllum. 
o
 o
 
2.0156 1.2515 0.5768 1.7058 0.2552 
0.01 
±0.00 
2.014-6 0.8200 t 1.9658 f 
0.04-
±0.01 
1.7740 0.6987 O.5I8O 1.9185 0.2595 
1.05 
±0.04 
1.8179 0.6312 0.3504 0.6740 0.2611 
7.63 
±1.85 
t t 0.2754 t O.O7O8 
r -0.4858$ -0.5541$ -0.8158$ 
-0.9785* -0.9769* 
Each value was calculated by dividing the TPP for the growth period by the 
number of days in that growth period. 
*2 < 0.05. 
I^fo data. 
$Ifot significant at the 0.05 level. 
P 4 Table 50. Net primary productivity (g dry wt/m /da) of plants harvested weekly 
from 50% Hoagland solution containing various concentrations of Cd(II) 
Concentration of 
Cd(II) in solution 
(;ig Cd/ml) Azolla 
Plant Species 
Salvinia Spirodela 
0
0
 
1.7959 0.6441 1.5823 
0.02 
±0.01 
1.5187 0.6469 0.9276 
1.0 
±0.02 
1.4001 0.7071 1.0076 
9.14 
±0.52 
1.5207 O.6OI9 O.7I6I 
r -0.2283$ -0.6660$ -0.7178$ 
Each value was calculated "by dividing the TPP for the growth period by the 
number of days in that growth period. 
toot significant at the 0.05 level. 
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only 7% when exposed to 9.14;ag Cd/ml. Negative linear 
correlation coefficients were not significant at the 0.05 
level. 
In general, the effects of Cd(II) treatments on npp of 
plants grown in 10% Hoagland solution were much greater 
than on plants grown in 50% Hoagland solution. The npp of 
of Spirodela was increased when these plants were grown in 
50% Hoagland solution, indicating increased vigor over plants 
grown in 10% Hoagland solution. The npp of Spirodela plants 
grown in 50% Hoagland solution was similar to that reported 
by Sutton and Ornes (1977) for plants grown in a 
secondarily-treated municipal sewage effluent. 
Rates of Cd(II) uptake 
10% Hoagland solution Table 51 presents the rates 
2 \ 
ox Cd(ll) uptake (Mg Cd/m /da) by plants harvested weekly 
from 10% Hoagland solution containing various concentrations 
of Cd(II). Comparisons among all plants exposed to 
1.05 Aig Cd/ml or less indicate that Azolla and, Myriophyllum 
had the greater rates of Cd(II) uptake. Comparison of 
Spirodela and Myriophyllum, which survived 7.65 jag Cd/ml, 
showed Spirodela took up Cd(II) at a much greater rate. 
Regression analyses showed positive linear correlations pro­
vided the best fit between rates of Cd(II) uptake and 
P 4 Table 61. Rates of Cd(II) uptake (p.g Cd/m /da) by plants harvested weekly from 
10% Hoagland solution containing various concentrations of Cd(II) 
Concentration of 
Cd(II) in solution 
Qug Cd/ml) Azolla Salvinia 
Plant Species 
Spirodela Ceratophyllum r^ Triophyllum 
0.01 
±0.00 
0.64 0.34 t 0.31 + 
0.04 
±0.01 
15.68 0.38 0.26 2.33 247.80 
1.03 
±0.04 
367.80 88.35 3.02 22.89 41.12 
7.63 
±1.85 
t t 698.57 t 2.37 
r 1.0000** 0.9997** 0.9932* 0.9969** -0.7112t 
I Each value was calculated "by multiplying the plants' mean npp for the growth 
period times the plants' mean concentration of Cd(II) for the growth period. 
*2 < 0.05. 
"^ No data. 
ÏITot significant at the 0.05 level. 
**£ < 0.01. 
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increasing Cd.(II) treatments in all plants except 
nyriophyll-um which had a non-significant, negative linear 
correlation. 
The potential use of Azolla, Spirodela, and 
Myriophy1lum to reduce concentrations of Cd(II) in solutions 
similar to 10% Hoagland solution is indicated by the rates 
of Cd(ll) uptake which were calculated from mean npp and 
mean tissue Cd(II) concentrations (Table 61). 
0^% Hoagland solution Table 62 presents the rates of 
2 Cd(II) uptake (ug Cd/m /da) by plants harvested weekly from 
50% Hoagland solution containing various concentrations of 
Cd(II). The rate of Cd(II) uptake by Spirodela was 5-fold 
greater than that of Azolla and about 6-fold greater than 
that of Salvinia. Regression analyses of Cd(II) uptake 
with increasing Cd(II) treatment indicated positive linear 
correlations provided the best fit. 
In general, comparisons of Cd(ll) uptake by plants 
grown in 10% Hoagland solution and 50% Hoagland solution 
indicate Azolla and Salvinia plants in the latter solution 
could tolerate much greater Cd(II) concentrations. Uptake 
of Cd(II), however, was not greater by plants grown in 50% 
Hoagland solution. Spirodela took up greater amounts of 
Gd(II) than Azolla or Salvinia and therefore would be better-
suited than Azolla or Salvinia for Cd(II) removal from a 
high-nutrient source (such as 50% Hoagland solution). 
Table 52.. Rates of Cd(II) uptake (|,ig Cd/m^ /da)^  by plants harvested weekly from 
50% Hoagland solution containing various concentrations of Cd(II) 
Concentration of 
Cd(II) in solution 
(jug Cd/ml) Azolla 
Plant Species 
Salvinia Spirodela 
0.02 
±0.01 
0.65 0.31 0.33 
1.0 
±0.02 
1.59 2.10 5.47 
9.14 
±0.52 
53.84 26.50 178.20 
r 0.9963** 0.9993** 0.9973** 
1 Each value was calculated by multiplying the plants' mean npp for the 
growth period times the plaats' mean concentration of Cd(II) for the growth 
period. 
< 0.01. 
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CONCLUSIONS 
Data from e3q)eriments on the selected aquatic vascular 
plants showed large concentration factors for Cd(II) in 
tissue and direct correlations between tissue Cd(II) concen­
trations except in Hyriophyllum and concentrations of Cd(II) 
in solution. Of the regression models tested (linear, 
exponential, logarithmic, and power), a linear regression 
model provided the best fit. The experimental results, 
therefore, satisfied two objectives of the study for the 
aquatic vascular plants Azolla caroliniana Willd., 
Ceratophyllum demersum L., Salvinia rotundifolia Willd., 
and Spirodela polyrhiza L. Schleid. 
Experimental data, however, did not provide a defini­
tive answer to the question of whether plants grown in a 
high-nutrient solution would have more vigorous growth and 
greater uptake of Cd(II) than plants grown at a lower 
nutrient level. Clearly, plant vigor (as indicated by 
selected growth parameters and tissue P) and uptake of 
Cd(II) were not enhanced in all plants at the higher 
nutrient concentration. Indeed, Ceratophyllum and 
Myriophyllum would not survive 1 week in 50% Hoagland 
solution containing Cd(II) concentrations of '1,0 ;ug Cd/ml. 
Although Azolla and Salvinia survived greater concentrations 
of Cd(II) in 50% Hoagland solution than in 10% Hoagland 
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solution, uptake of Gci(II) by these plants was less from 50% 
Hoagland solution than from the 10% Hoagland solution. The 
npp for Spirodela was observed to be greater when these 
plants were grown in 50% Hoagland solution than in 10% 
Hoagland solution. 
In addition to demonstrating the obvious capacity of 
these plants for uptake of Cd(II), data from this study 
also showed the uptake to be more rapid from 10% Hoagland 
solution and greater than that for plants grown in 50% 
Hoagland solution. The higher ionic strength of 50% 
Hoagland solution (160 mg/1 Ca hardness) compared to that 
of 10% Hoagland solution (4-5 mg/1 Ca hardness) may have 
provided quantities of certain ions, especially Ca, Na, K, 
and Mg (Schindler and Alberts, 1977)» which could compete 
with the Cd(II) ions for uptake sites resulting in 
proportionately less uptake of Cd(II) by the plant. 
Evidence for reduced uptake of Cd(II) by aquatic plants grown 
in hard waters appears to be lacking, but it is well 
established that the toxicity of Cd(II) to plants is less 
in hard waters than in soft waters (Hutchinson and 
Czyrska, 1975; Landner and Jernelov, 1969). 
The chemistry of Cd(II) in aquatic systems is strongly 
dependent on pH and the presence of anions which may form 
insoluble salts. Since the aquatic vascular plants 
selected for this study are floating and submersed species 
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which are not dependent on the substrate for nutrient 
sources, only Cd(II) remaining in solution in the water 
column and available for uptake has been considered, 
The rapid uptake of Cd(II) from 10% Hoagland solution 
followed by release of Cd(II) from the plant tissues 
suggests that Cd(II) was accumulated to a concentration 
that was toxic or strongly inhibitory to the metabolic 
processes involved in uptake and then released. Plants 
grown in 50% Hoagland solution did not release Cd(II) over 
the growth period and the concentrations of Cd(II) in 
tissues were therefore assumed to be below toxic levels. 
Studies designed to show the role of aquatic plants 
in metal cycling (Cearley and Coleman, 1975; Dietz, 1972; 
Landner and Jemelov, 1969; Mayes, 1975; Wolverton, 1975) 
have failed to monitor Cd(II) in plants over time and thus 
have not detected the release of 95 to 98% of the tissue 
Cd(II) which was found in this study. The ecological 
importance of Cd(II) cycling by these aquatic vascular 
plants is clearly demonstrated by their capacity for Od(II) 
uptake and release. This ecological importance may be 
better understood when one considers the role of these 
plants in natural aquatic ecosystems, not the least of 
which is the utilization of these plants by wildfowl and 
fish (Fassstt, 1975; Martin et al., 1961). The fact that 
Cd(II) often occurs in natural waters and other aquatic 
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systems has been documented. Friberg _et (1971a, b) 
reported that unpolluted waters usually contain less than 
1 ;ug Cd/1, In water near a heavy Cd(II) source, however, 
Cd(II) concentrations were found to be 4.0 ;ug Cd/ml. 
Hannah _et a^ . (1977) reported Cd(II) concentrations in raw 
municipal wastewater (with no significant contamination 
from industrial sources) which ranged from 0.033 to 
0.215 jug Cd/ml. The extent to which plants used in the 
present study concentrated and released Cd(II) demonstrates 
their potential for biomagnification of Cd(II) from 
solution concentrations similar to those found in nature 
and their potential for playing a significant role in 
Cd(II) cycling. 
Therefore, caution is urged when these plants are 
utilized in aquaculture systems (Sutton, 1978) to reduce 
levels of nutrients in a treated sewage effluent or other 
high-nutrient waters and the plants are subsequently eaten 
by herbivorous fish or harvested by man. Utilization of 
these or other aquatic plants as plant compost (Wile _et , 
1978) or livestock feeds (Bagnall ^  , 1978; Culley and 
Epps, 1973) should also be approached with caution. 
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APPENDIX A; 
CONCENTRATIONS OF IRON AND PHOSPHATE IN 10 AND 50% 
HOAGLAND SOLUTION CONTAINING VARIOUS CONCENTRATIONS OP CD(II) 
Concentration of Concentration (jag/ml) 
Cd(II) in solution 
Oug Cd/ml) Iron Phosphate 
10% Hoagland solution 
0 1.65 12.13 
±0 +0.41 ±5.75 
0.01 1.61 11.88 
±0.00 ±0.51 ±3.57 
0.04 1.57 11.75 
±0.01 ±0.54 ±3.66 
1.03 1.05 11.63 
±0.04 ±0.48 ±3.64 
7.63 0.40 9.25 
±1.85 ±0.69 ±3.75 
50% Hoagland solution 
0 7.15 27.70 
±0 ±2.21 ±0.95 
0.02 6.84 27.50 
±0.01 ±2.21 ±12.50 
1.0 6.66 26.88 
±0.02 ±2.52 ±12.99 
9.14 4.48 23.38 
±0.52 ±3.72 ±10.63 
/] 
Each value represents the mean of chemical analyses 
made on day 0, 3, 5, and 7 with standard deviations. 
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APPENDIX B: 
C0NCENTRA.II0N8 OF VARIOUS NUTRIENT ELEMENTS IN 
AZOLLA CAROLINIANA PLANTS HARVESTED PERIODICALLY 
PROM 10% HOAÎJLANi) SOLUTION CONTAINING VARIOUS 
CONCENTRATIONS OF CD(II) 
nutrient 
Concentration of Cd(II) («g Cd/ml) in solution 
0 0.01 0.04 1.05 
±0 ±0.00 ±0.01 ±0.04 
r 
(%) Week 1 
Nitrogen 3.50^ 4.33 4.05 3.98 0.0332$ 
Phosphorus 0.60 * o
 
0.81 0.60 -O.4913Ï 
Potassium 5.52 3.75 3.73 2.23 -0.9569* 
Sulfur 0.63 0.52 0.56 0.45 -0.7992Ï 
Calcium 1.38 1.09 1.20 1.63 0.8599$ 
Magnesium 0.4? 0.43 0.41 0.40 -0.6810$ 
Iron 0.90 0.16 0.17 0.15 0.1661$ 
Sodium 1.46 1.35 1.05 0.57 -0.9114$ 
(jag/g dry Trt) 
Zinc 36.6 35.2 34.1 53.8 0.9912** 
Manganese 502.0 310.0 307.0 430.0 0.2853$ 
/I 
Each, value represents a composite sample of three replications. 
*2 < 0.05. 
ÏNot significant at the 0.05 level. 
**£ < 0.01. 
Nutrient 
Concentration of Cd(II) 
0 0.01 
±0 ±0.00 
(jug Cd/ml) 
0.04 
±0.01 
in solution 
1.03 
±0.04 
r 
Oig/g Iry '>rfc) 
Copp' ^  42.0 20.6 34.5 43.5 0.5354$ 
Aluminum 56.2 75.5 57.3 71.6 0.4952$ 
Barium 16.9 12.0 11.8 13.5 -0.0283$ 
Strontium 60.3 42.4 44.4 48.3 -0.0566$ 
Boron 42.6 37.4 36.2 39.0 0.0316$ 
Chromium 3.0 3.1 3.0 4.3 0.9873* 
(96) Week 2 
Nitrogen 4.32 3.97 4.09 4.29 0.4836$ 
Phosphorus 0.61 1.25 0.78 0.67 0.3731$ 
Potassium 3.00 3.18 2.71 3.26 0.5809$ 
Sulfur 0.67 0.78 0.69 0.71 -0.0469$ 
Calcium 2.37 2.20 2.46 1.70 -0.9387$ 
Magnesium 0.39 0.42 0.43 0.40 -0.4874$ 
Iron 0.17 0.24 0.17 0.18 -0.3003$ 
Concentration of Cd(II) 
ITut rient 0 0.01 
±0 ±0.00 
Sodiinn 1.12 0.88 
(ug/g dry ;ffc) 
Zinc 23.6 24.7 
Manganese 800 800 
Copper 25.7 22.9 
Aluminum 79.0 84.9 
Barium 27.4 26.1 
Strontium 73.6 79.8 
Boron 37.0 47.7 
Chrojnium 4.8 4.5 
(96) 
Nitrogen 4.91 4.84 
Phosphorus 0.67 1.20 
"'"No data. 
(^ ig Cd/ml) in solution 
0.04 1.03 
±0.01 ±0.04 
r 
1.05 1.17 0.6152$ 
20.2 23.8 0.2100$ 
800 800 t 
22.3 18.7 -0.8690$ 
85.6 61.9 -0.9568* 
28.3 21.9 -0.9377$ 
82.7 57.6 -0.9309$ 
39.0 44.3 0.3018$ 
3.2 3.8 -0.3248$ 
Week 4 
4.77 5.02 0.3390$ 
0.69 0.79 -0.1741$ 
Concentration of Cd(II) (jug Cd/ml) in solution 
Nutrient 0 0.01 0.04 1.05 r 
±0 ±0.00 ±0.01 ±0.04 
(96) 
Potassium 5.52 5.25 5.08 5.10 -0.9212Î 
Sulfur 0.65 0.67 0.67 0.68 0.8747$ 
Calcium 2.92 2.66 2.55 2.80 -0.5291$ 
Magnesium 0.58 0.45 0.41 0.45 0.7051$ 
Iron 0.25 0.25 0.25 0.25 -0.5869$ 
Sodium 0.72 0.68 0.75 0.61 -0.5172$ 
(Aig/s dry irt) 
Zinc 18.7 25.4 17.4 25.5 0.2476$ 
Manganese 499.0 449.0 419.0 507.0 0.0200$ 
Copper 18.6 19.0 21.9 19.8 0.5907$ 
Aluminum 77.9 78.6 64.8 80.1 -0.1587$ 
Barium 26.0 28.5 20.8 24.9 -0.5071$ 
Strontium 79.8 92.9 77.7 89.5 0.1556$ 
Nutrient 
Concentration of Cd(ll) 
0 0.01 
±0 ±0.00 
(iig Cd/ml) 
0.04 
±0.01 
in solution 
1.03 
±0.04 
r 
Otig/g àxj vft) 
Boron 42.7 43.8 40.5 44.2 0.0469$ 
Chromium 5.0 5.5 3.0 7.9 0.3603$ 
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Nutrient 
Concentration of Cd(II) 
0 0.01 
±0 ±0.00 
(jug Cd/ml) 
0.04 
±0.01 
in solution 
1.03 
±0.04 
r 
(96) Week 1 
Nitrogen 2.50I 2.69 2.64 2.25 -0.9125$ 
Phosphorus 0.46 0.95 0.43 0.67 0.1077Ï 
Potassium 5.29 4.08 3.93 3.36 -0.5090$ 
Sulfur 1.02 1.07 1.05 0.94 -0.9327$ 
Calcium 1.64 1.46 1.64 1.66 0.4266$ 
Magnesium 0.89 0.84 0.84 0.80 -0.7461$ 
Iron 0.22 0.21 0.22 0.23 0.6079$ 
Sodium 0.85 0.85 0.85 0.67 -0.9998** 
Ciig/g dry 1ft) 
Zinc 45.2 59.3 33.4 44.7 0.4869$ 
Manganese 752.0 581.0 678.0 800 0.6788$ 
Copper 55.7 21.6 21.1 60.7 0.9304$ 
/I 
Each value represents si composite sample of three replications. 
tiTot significant at the 0,05 level. 
**2 < 0.01. 
Nutrient 
Concentration of Gd(ll) (xig Cd/ml) in solution 
0 0.01 0.04 1.03 
to ±0.00 ±0.01 ±0.04 
r 
(jug/g dry lAft) 
Aluminum 196.0 197.0 
Barium 33-5 27.0 
Strontium 104.0 70.6 
Boron 44.0 34.2 
Chromium 4.5 4.7 
Nitrogen f 2.77 
Pho sphorus 0.64 1.57 
Potassium 3 » 66 3.66 
Sulfur 0.75 0.77 
Calcium 2.13 2.52 
Magnesium 0.75 0.79 
Iron 0.25 0.25 
204.0 285.0 0.9968** 
24.9 43.3 0.8958$ 
87.5 106.0 0.5634$ 
37.3 38.9 0.0480$ 
4.5 5.2 0.9795* 
Week 3 
2.73 2.93 0.9820* 
0.58 0.84 -0.0954$ 
3.29 3.75 0.5196$ 
0.79 0.87 0.9520* 
2.54 2.47 0.1960$ 
0.80 0.86 0.8807$ 
0.25 0.25 t 
*2 < 0.05 
"'"No data. 
Nutrient 
Concentration of CcL(II) (Aig Cd/ml) in solution 
0 0.01 0.04 1.05 
±0 ±0.00 ±0.01 ±0.04 
r 
(96) 
Sodium 0-53 0.37 
(ug/g dry lATt) 
Zinc 33.2 34.3 
Manganese 628.0 800 
Copper 24.8 25.8 
Alum:Lnum. 115.0 127-0 
Barixim 46-7 57.1 
Strontium 140-0 153.0 
Boron 47-7 57.2 
Chromium. 4-0 8.0 
(96) 
Nitrogen 2-49 3.45 
Pho sphorus 0-9*1 1.47 
0.35 0.39 0.7522$ 
32.2 30.2 -0.8702$ 
800 800 0.3385$ 
22.8 23.0 -0.5074$ 
141.0 150.0 0.7275$ 
68.3 47.7 -0.5216$ 
155.0 149.0 -0.0173$ 
55.8 54.7 0.1396$ 
6.2 6.3 0.0775$ 
Week 5 
3.51 3.52 0-3842$ 
0.90 1.17 0.1327$ 
Concentration of Cd(ll) 
Nu tri ent 0 0.01 
±0 ±0.00 
(96) 
Potassium 2.69 2.20 
Sulfur 0.51 0.46 
Calcium 2.96 3.21 
Magnesium 0.73 0.81 
Iron 0.25 0.25 
Sodium 0.21 0.18 
(«g/g dry lAît) 
Zinc 30.9 28.7 
Manganese 435.0 376.0 
Copper 39.8 22.7 
AlumzLnum 108.0 109.0 
Barium 32.8 45.5 
Strontium 121.0 124.0 
(jug Cd/ml) in solution 
0.04 1.03 r 
±0.01 ±0.04 
2.47 2.82 0.6723$ 
0.46 0.56 0.8620$ 
3.26 3.18 0.1575$ 
0.83 0.93 0.8768$ 
0.25 0.25 t 
0.20 0.23 0.8540$ 
41.5 27.2 -0.4823$ 
385.0 517.0 0.9100$ 
30.0 35.0 0.2784$ 
110.0 115.0 0.9708* 
42.5 40.7 0.0520$ 
124.0 120.0 -0.7161$ 
Concentration of Cd(II) (tig Cd/ml) in solution 
Fu trient 0 0.01 0.04 1.03 r 
±0 ±0.00 ±0.01 ±0.04 
(jag/'g dry Tft) 
Boron 58.1 60.9 57-7 69.0 0.9595* 
Cliromium 8.8 8.1 9-0 8.5 -0.04-12$ 
19) 
APPENDIX D: 
KEY TO ACRONYMS 
CP Concentration factor of Cd(II) in plants 
NEP Net primary production 
npp Net primary productivity 
TPP Total primary production 
NPP Net frond production 
TPP Total frond production 
